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CHAPTER 1 The applications and properties of Alloy 800 and 
the characteristics of M23c precipitates and 
their precipitation in Allo~ 800 
1. INTRODUCTION 
This chapter is intended to present an overall picture of Alloy 800 
and incorporate this with similar materials such as austenitic stainless 
steels and superalloys such as Nimonic PE16 (i.e. austenitic alloys). 
A short history and description of applications of Alloy 800 are first 
provided, followed by a discussion of general physical, chemical and 
microstructural properties. Precipitation characteristics are outlined 
before discussing the kinetics in more detail. It is hoped that from 
the last section the reasons for using the theoretical models chosen 
can be seen against other models available for describing precipitation. 
1.1 History of Alloy 800 
Alloy 800 was first made in 1949, its compositional units are given in 
Table 1.1 (Cordovi, 1974). The first alloy produced was the conventional 
type (see Table 1.1). Its inception was due to the need for a lower 
nickel content alloy than the superalloys or the Inconel Series. This 
was due to a world shortage of nickel. As such Alloy 800 was an 
'intermediate' austenitic alloy having a nickel content higher than 
that of austenitic stainless steels but lower than that of the superalloys. 
Thus it was moderately expensive, combining good corrosion/oxidation 
resistance and mechanical properties, with ea~e·of fabrication. 
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The conventional alloy found uses in domestic cooker and heating elements, 
in chemical, petrochemical and food processing equipment and also in the 
heat exchangers of power stations. The nuclear industry has developed 
a low carbon version of the alloy for use in the cooling circuitry of 
their reactors. It is currently evaluating performance in the fast 
breeder reactor (F.B.R.). The low carbon version has the advantages 
of allowing y'(Ni Al3 Ti) precipitation and cutting down on mass 
transfer proportions of carbon by the liquid sodium coolant. The 
alloy has been used successfully for the pressurised water reactor 
(PWR), the high temperature gas reactor (HTGR) and Candu Systems, 
again in the cooling circuitry. Other materials used for this 
application are the A.I.S.I. 316 and 304 stainless steels. Recently 
9 - 12% chrom1uosteels have been considered for this work. These. alloys 
differ from Alloy 800, 316 and 304 steels in that they are essentially 
martens~icexcepting a very low carbon version that is ferritic. 
It should be noted that there are two basic types of conventional 
Alloy 800. The original has the specification given in Table 1.1 
(Stone et al, 1974). It comes mill annealed and has superior tensile 
properties up to 833°K (Sanderson, 1977). This version is simply called 
Alloy 800 or Alloy 800 grade 1. The second version is Alloy 800H 
(formerly Alloy 800 grade 2) and is a carbon controlled version requiring 
solution treatment. It is subject to a grain size control of ASTM5 
(Sanderson,l977) or coarser ()65 pm measured by the linear intercept 
method). This version has superior creep strength to the Grade 1 
version above 833°K. 
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1.2 The General Metallurgy of Alloy 800 
This section deals with the microstructural, mechanical and corrosion 
properties of the alloy in a general way again with comparison to other 
austenitic alloys. Table 1.1 contains the compositional analysis for 
the alloy used in this work, Comparison with the conventional versions 
of the alloy given in Table 1.1 shows that the Alloy 800 H (or grade 2) 
version has been used for this investigation. It can be obtained under 
various trade names such as Sanicro 30 (Sandvik), Incoloy 800 (International 
Nickel Co.) or Alloy 800 IN (Henry Wiggin). The respective manufacturers 
have been given in brackets. Fig. 1.1 (Gerlach, 1971) shows the isothermal 
section of the Fe-Cr-Ni system ternary phase diagram for 1073°K (i.e. 
within the ageing regime of the alloy). The alloy~ composition makes 
it well within the austenitic region of the diagram. 
below 923°K it is susceptible to sigma phase formation. 
At temperatures 
0 Above 823 K 
M23c6 type carbides are formed. At higher temperatures (c ll00°K) 
titanium carbide may be precipitated although this is not considered 
in Fig. 1.1. In the low carbon version of the alloy there is a 
possibility of y• formation (Stone et al, 1974),(Comprelli 1965). 
Titanium carbides, nitrides and carbo-nitrides will also be present, 
the solution treatment not necessarily dissolving them all (see Fig.4.4). 
The alloy was received in the 10% cold worked condition that required 
solution treatment. From the compositional analysis solution treatment 
temperature was calculated as shown in Section 4.1.3 • This treatment 
. dissolves the carbon, chromium and titanium (partially), which will 
precipitate during ageing. It also relieves the cold work present in 
the as received material. In the low carbon version enough spare 
titanium will be available fory' precipitation (Stone et al, 1974). 
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Table 1.1 quotes a Ti:C ratio;. ) 12 and a Ti:(C+N) ratio ~ 8.0 to allow 
y• formation (Stone et al, 1974). 
The grain size produced by solution treatment is very important (Stone 
et al 1974, Henry Wiggin) in determining the alloy's properties. 
Thus Alloy 800 H is grain size controlled. Because of this, work 
was carried out to estimate the grain size produced by various solution 
treatments (see Section 4.1.4). Data is available on the effect of 
solution treatment temperature on grain size and its subsequent effect 
on mechanical properties (Stone et al 1974, Wiggin). Fig. 1.2 shows 
the effect on grain size of solution treatment temperature. Note 
0 
that for a temperature). c.l373 K grain coarsening occurs. Fig. 1.3 
shows the effect of this on the proof stress of the alloy. The Alloy 
800 H version used in this project requires solution treatment resulting 
in grain coarsening as is demonstrated by results (Section 5.1.3) of 
the work described in Section 4.1.4. This causes poorer tensile 
properties but also greater creep strength. This coarsening process 
can be altered by the titanium carbide volume fraction present. If a 
large residual amount of undissolved TiC is present boundary movement 
and hence grain growth will be pinned (Stone et al 1974). The degree 
of cold working present also affects grain coarsening behaviour. 
Because of the effects of solution treatment on mechanical properties 
(through grain coarsening) Alloy 800 H has found use in the HTGR system 
which operates at higher temperatures requiring creep strength. Alloy 
800 (grade 1) has been used in the PWR and Candu systems which operate 
at lower temperatures than the HTGR and require tensile strength. 
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The effects of ageing and in particular grain boundary precipitation 
caused have an important bearing on properties during service life. 
Precipitation of M23c6 ,with which this project is mainly concerned 
occurs roughly over the range 850°K - 1193°K (Caisley and Faulkner 
0 1976) being quickest at c 1013 K (Stone et al 1974, Sanderson 1977). 
The effect of precipitation is to increase tensile and creep strength 
at the expense of ductility. Grain boundary and dislocation movement 
becomes pinned resulting in a hardening of the structure and the grain 
centres that creates a poorer ductility (some transgranular precipitation 
frequently occurs at longer ageing times pinning dislocation movement in 
the grains). This has been noted to occur after the parametric 
equivalent of 250,000 hrs of service life (Cordovi 1968, Clarke et al 
1960) in various reactors but little quantitative correlation of 
precipitation and mechanical properties is available in the literature. 
Due to the need for relatively easy fabrication of the material the 
effects on ductility must be considered. The amount of initial 
cold work present also has a significant effect on ductility (Avery 1968). 
If present it will e~~UUf~~ trends noted above that can cause notch 
sensitivity in the material. This can be a major cause of premature 
service failure and the degree of cold work can be critical where 
ductility is required (Stone et al, 1974). 
It is now time to discuss the corrosion properties of the alloy. 
These must be considered with thought for the application of the alloy 
and the corrosive atmosphere involved. 
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Applications of the material require a service temperature well within 
the ageing regime of the alloy. (Cordovi 1974, Sanderson 1977) Hence 
the effects of precipitation on corrosion behaviour are important. 
These have been discussed by Sanderson (1977) for Alloy 800 and 
Stawstrom and Hillert (1969) have produced work on austenitic stainless 
steel. In general Alloy 800 has a good resistance to alkali, chloride 
and aqueous environments compared to austenitic stainless steels. It 
also has a better high temperature oxidation resistance (Cordovi 1974, 
Stone et al 1974). It is prone to intergranular failure in oxygenated 
environments (Anthill, 1974) but is still preferable to austenitic 
stainless steel. 
Precipitation causes solute depletion in the alloy in localised areas 
(Sanderson 1977, Stawstrom and Hillert 1969) near the grain boundaries. 
This makes the alloy susceptible to intergranular failu~in corrosive 
environments where precipitation has occurred. The material's 
corrosion resistance is lower in the depleted areas and is termed 
sensitised. The most detailed work on this has been presented by 
Sanderson (1977). He plotted isothermal precipitation curves for 
the alloy based on experimental observation of precipitates using 
the electron microscope. These he compared with theoretical predictions 
using Stawstrom and Hillert's (1969) sensitisation work. He also 
carried out corrosion tests in order to correlate observations of 
precipitation with theory and corrosive properties. He showed that 
where precipitation has occurred complete or partial intergranular 
penetration had occurred in corrosion tests. This is due to chromium 
depleted zones near the grain boundaries, the chromium being used in 
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Sanderson further shows that after a certain amount 
of time self healing of the depleted zones occurs. Matrix diffusion 
evens out the concentration gradient created by depletion. Moeller 
and Martin (1974) concluded in their work for caustic aqueous solutions 
that sensitisation does not matter and that although sensitisation 
may occur in chloride environments self-healing eventually eradicates 
this. 
This section has dealt with the basic properties and characteristics 
of Alloy 800 with reference to other austenitic alloys where possible. 
It has discussed how precipitation can affect mechanical and corrosive 
properties. Thus it would be desirable to know the exact nature of 
the precipitation process since unless this can be predicted its effects 
on properties cannot be accurately determined. It is the aim of this 
project to improve the existing models describing the precipitation 
process using comparison with experiment. Before this the precipitation 
process is surveyed along with the characteristics of the precipitates 
themselves. Some models that have been used in the project (in chapters 
2 and 3) are described briefly in the survey; being presented in more 
detail later. 
1.3 The characteristics of the precipitation process in 
Alloy 800 i~_particular that fo~. M26c6 type precipitates 
The nature of precipitation is looked at first. In general with most 
austenitic alloys Alloy 800 will precipitate M C type precipitates 23 6 
in the 823 - ll73°K range and titanium carbide in the 1173°K+ range. 
(Sanderson 1977, Caisley and Faulkner 1976.) A number of workers 
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noticed phases other than these present. Sanderson (1977) noticed 
the presence of M7c3 after c.lO min at 1073°K (temperature of optimum 
growth rate) as well as the presence of much larger sized M23c6 
precipitates after longer ageing times () 1 hr). Others (Takahashi 
1978, Weiss and Stickler 1972, Leitmaker and Bentley 1977) in different 
austenitic alloys have used X-ray analysis to show the presence of 
M6C after very long ageing times () 100 hrs). Weiss and Stickler 
(1972) suggested M6c was a secondary phase formed by the decomposition 
of M23c6 . Leitmaker and Bentley (1977) have produced further evidence 
that M23c6 is only a metastable phase at ageing temperatures. After 
17 years of ageing they found M23c6 had decomposed leaving only titanium 
carbide and M6C. These observations have important effects on Alloy BOO's 
long term properties but will not affect precipitation theories for the 
relatively short ageing times considered in this work. No presence of 
phases other than M23c6 was detected in this work as can be seen in 
Chapter 5. Only M23c6 is considered in detail. 
1.3.1 The characteristics of M23c6 precipitation 
The first points to note are the composition and structure of the carbide. 
A formula of (Fe Cr 6c ) (De Casa et al 1969) has been proposed. 7 1 G 
Goldschmidt (1948) has estimated that up to 30% of the chromium is 
replacable by iron. Philbert et al (1961) have noted that this can 
be up to 45% during the early stages but at longer ageing times drops 
to 24%. Betteridge (1974) has shown that molybdenum can substitute 
for the iron present, Goldschmidt has estimated that the lattice 
parameter of the precipitate's face centred cubic structure is 1.0638 nm 
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given the compound as Cr23c6 . 
iron substitutes for chromium. 
This can alter by up to 0~05 nm as 
The precipitate is always precipitated with a cube/cube orientation 
relationship to the parent grain's matrix. (De Casa et al 1969) and 
a precipitate ~ 3
a matrix 
where a is the lattice parameter; Other workers have always found 
a similar geometric precipitate. A small minority have found dendritic 
structures (Philbert et al 1961, Kinzel 1952, Mahla and Nielsen 1951). 
Various workers have attempted to define the exact precipitate/matrix 
relationship and structure, This could help in the estimation of 
interfacial and strain energy data but at present work has only been 
attempted on individual cases. Precipitate structure is not consistent 
enough to allow general application of these techniques at present, 
Early workers (Lewis and Hattersley 1965, Beckitt and Clarke 1967, 
Singhal and Martin 1967, Hancock 1971) noticed that the { 111 } faces 
of the precipitates fit those of the ~uste~'t~matrix along the (110) 
directions. Similar mutual · {110} and {100} fits were also recorded, 
Weiss and Stickler (1972) have also observed this type of interfacial 
structure, The most detailed work was carried out by Pumphrey et al 
(1974). They found the same structure but using Moire fringe contrast 
and trace analysis (see Hirsch et al 1965) they described the interface 
in terms of the defects present, A dislocation structure was determined 
for the interface and it is possible to use this to estimate the strain 
energy effects . .in semi-coherent precipitates by Russell (1970), 
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All the workers above considered geometric M23c6 precipitates as semi-
coherent. Other workers have also noted this (Nicholson 1970, Hancock 
1971). Hancock also investigatw the nature of the grain boundary/ 
precipitate interface but could not correlate this to the growth 
kinetics. 
The morphology of the precipitates has been found to be predominantly 
triangular and facetted in austenitic alloys (Beckitt and Clarke 1967, 
Singhal and Martin 1967, Hancock 1971) as described in Figs. 2,8- 2.11. 
Sanderson (1977) who worked in Alloy 800 made no comments on morphology 
but his micrographs show a large number of cap shaped precipitates. 
1.4 The Kinetics of Precipitation 
The kinetics can be split into growth1 nucleation, non-equilibrium and 
equilibrium segregation. 
1.4.1 The growth models 
These do not consider nucleation. The earliest was developed by Zener 
(1949). He considered the precipitate as an obtate ellipsoid. Zen er 
equated the mass transfer of solute to the precipitate particle as given 
by Fick's first law of diffusion to the increase in mass per unit area 
as the precipitate grew to produce equation 1.1 
s 1.1 
For high solute supersaturations (Xa << x8 ) this became 
s 1,2 
where: 
D ; 
X ; 
a 
xe ; 
t ; 
s ; 
xa.e 
a 
; 
solute diffusion coefficient in the matrix 
solute concentration in the matrix 
solute concentration in the precipitate 
ageing time 
precipitate size 
equilibrium concentration of solute at the precipitate/ 
matrix interface 
Zener and Dube (1948) applied this model successfully to carbon 
diffusion controlled growth of proeutectoid ferrite from austenite 
in steels. 
For lengthening of an obiate ellipsoidal particle Hillert(l957) 
devloped equation 1.3 
L ; 
1.3 
where r' is the radius of curvature of the particle and ~ the complement 
of the angle of contact between the precipitate and grain boundary. 
Lis the precipitate length. 
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Horvay and Cahn (1961) considered lengthening and thickening simultaneously 
and produced 1,4 
1.4 
n and8 are related to the lengthening and thickening rates: 
L = n (Dt)~ 1.5 
s = <n- B)~ <nt)~ 1,6 
The integral in 1,4 must be evaluated by numerical methods. Horvay 
and Cahn assumed precipitate shape was preserved as it grew. Length 
could be related to thickness via a constant known as the constant 
aspect ratio, Ham ( 1958) h;as shown this may not be true but Caisley 
and Faulkner (1976) assumed this to be true in the early stages of 
growth. Russell (1975) has shown this to be reasonable for nucleation. 
Horvay and Cahn applied their analysis to work on Al-Ag alloys by 
Hawbolt and Brown (1967), 
Aaron and Aaronsson (1968) developed a collector plate model to apply 
specifically to grain boundaries. This was due to previous models 
applying to general precipitate growth and not considering the high 
diffusivity of the grain boundary. Obviously grain boundary precipitates 
may use this path. Caisley and Faulkner (1976) adapted this model, both 
are fully treated in Chapter 2. These collector plate models were 
further developed by Brailsford and Aaron (1969). They assumed a 
finite grain boundary, high diffusivity path and adapted Shewmon's 
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(1963) approach to the inverse problem of an extended particle source 
in a layer of high diffusivity. Shewman's model was applied to a 
stationary interface as opposed to the moving precipitate/matrix 
interface but this thought to cause insignificant error. Brailsford 
and Aaron treated the lengthening and thickening kinetics simultaneously. 
They first treated solute flow to the precipitate and then its distribution 
by interfacial transport over the precipitate surface. The model is 
complex and shows little improvement in results (Caisley and Faulkner 1976). 
Kinsman et al (1970) have reviewed most of the growth models mentioned 
above and the growth mechanisms for different systems. Having discussed 
the theoretical models available to predict precipitate growth it is 
convenient now to look at the sources of theoretical data. 
Interfacial energy data was taken from the bulk values found in Murr 
(1975). This was preferred to Caisley and Faulkner's (1976) data and 
theoretical calculations based on the work of Pumphrey et al (1974). 
The values of activation energy in the diffusion coefficients were taken 
from Caisley and Faulkner (1976) as were the pre-exponential constants. 
A number of sources are available for other austenitic alloys. Smith 
(1975) gives values for matrix and boundary diffusion in AISI 316 steel. 
He also considers dislocation ptpe diffusion of solute. Assasa and 
Guirald<nqo (1978) have also produced values for diffusion coefficients 
of chromium in austenitic stainless steels. Both Smith and Assasa 
used radio-active tracer analysis in their estimations. Their 
activation energy values are slightly larger than Caisley and Faulkner's 
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(1976). However different alloys were involved. 'l'he latter used 
Nimonic PE16, Alloy 800 would be expected to have an intermediate 
value. This work and Sanderson (1977) use Caisley and Faulkner's 
value. However judging from Smith's (1975) work grain boundary 
diffusion values are not very accurate, i.e. (E08 ~ ! E t . where ma r~x 
E is diffusion's activation energy). The E value substantially 
affects growth predictions and a check on Alloy 800 values would be 
worthwhile. This applies to the interfacial energy data and interface 
concentrations. 
Coates (1973) has solved the complex problem of multi-component 
diffusion. His solutions however are relatively simple and with 
improved, ele~l , diffusion data would be usable. (Bulk diffusion 
data which is available cannot be applied to multi-component models.) 
It should be noted that the models above have been applied to a variety 
of austenitic alloys just as some of theoretical data has been taken 
from different alloys. Caisley and Faulkner performed their work on 
Nimonic PE16 and Sanderson on Alloy 800. Adamson (1972) performed 
similar work on much larger M23c6 precipitates using longer ageing 
times on 20/25 Cr/Ni/Nb steel. These models apply to M23c6 precipitation 
in all austenitic alloys with only minor adjustments in the data used. 
1.4.2 The nucleation kinetics 
Most of the work used in Chapter 3 on nucleation is based on that of 
RusseD. (1970, 1975, 1968, 1969, 1974) and Hancock (1971) who used 
Russell·'Sc work. Russell (1968) first developed a linked flux analysis 
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of homogeneous nucleation. This model was then developed (Russell 1969) 
for heterogeneous grain boundary nucleation of a variety of precipitate 
morphologies. Hancock utilised the work of Russell's (1969) to derive 
expressions for the incubation time of a triangular morphology. 
Russell's (1975) work has been used here to derive an expression for 
the facet~~ morphology and the expression in Chapter 3 for the cap 
morphology is taken directly from the same work. 
Russell (1975) further developed a model for grain boundary nucleation 
of precipitates by a grain boundary diffusion, high diffusivity path 
mechanism. Russell (1974) and Le Coze (1975) have produced an expression 
·for the volume free energy change accompanying nucleation (~G ) using 
V 
a dilute solution approximation. This has been used in Chapter 3. 
Recent work by Lee and Aaronsson (1974, 1975) studying the effects of 
crystallography on morphology and nucleation would prove useful in 
producing a more generalised facetted model but to make full use of 
their work better interfacial energy data is required. 
1,4.3 The effects of non-equilibrium segregation 
Aust and Westbrook (1976) and also Antony (1970) first considered the 
occurrence of vacancy-solute interactions. Williams et al (1976) used 
their work to show that solute segregation to grain boundaries could 
occur by considering vacancy and vacancy-impurity pair diffusion as 
well as by equilibrium mechanisms of surface adsorption. Their model 
has been adapted by Faulkner (1981) to express the quantitative amount 
and extent of non-equilibrium segregation. Work on this process is 
presented in Chapter 7. 
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1.4.4 Equilibrium segregation 
Equilibrium segregation, or more accurately surface adsorption occurs 
in all alloyed metals. It differs from non-equilibrium segregation 
in that it is produced at the lower temperatures in the ageing range 
of the alloy and decreases with increasing temperature. Non-equil-
ibrium segregation occurs during quenching from much higher temperatures. 
This work is specifically concerned with grain boundary interface 
segregation. Reviews of segregation have been presented by Hondros 
and Seah (1977) and Seah (1975). The main models in these reviews 
are those produced by McLean (1957) for a single layer of absorbate 
and the B.E.T. models (Brunnaneur et al (1940). A truncated B.E.T. 
model considering a fixed number of adsorption sites and a single 
absorbate and a full B.E.T. model considering multiple layers of a 
single absorbate have been produced (Seah and Hondros 1977, Seah 1975). 
Seah and Hondros (1977) approximated the multilayer B.E.T. model for 
dilute solute levels to produce a similar equation to that considered 
by Faulkner (1981) 
Gutterman (1975, 1976, 1977) has considered equilibrium segregation in 
a multi-absorbate system. His models are however very complex and 
require knowledge of more data than at present available. 
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CHAPTER 2 Theoretical analysis of the growth kinetics 
This chapter deals with the growth kinetics, Chapter 3 deals with 
nucleation kinetics and their combination to form a more general 
theory. 
2.1 Aaron and Aaronsson's (1968) Model for Precipitate Growth 
In all growth models the dimension Lis the precipitate half length 
except for the triangular square based models. This can be seen 
from Fig. 2. 1. 
2.1.1 The lengthening kinetics 
Aaron and Aaronsson were the first to deal with observations that 
growth rates of grain boundary precipitates were higher than those 
predicted by models using a simple bulk diffusion mechanism only. 
They considered using the high diffusivity path of the grain boundary 
for solute transport. The growing precipitates drew solute from a 
square area of boundary adjacent to the precipitate called the collector 
plate area. The collector plates in turn obtained their solute from 
the areas of the grains adjacent to the boundaries by bulk diffusion. 
Since the solute has less distance to travel through the matrix growth 
is faster, as can be visualised in Fig. 2.2. They considered the 
precipitate morphology as shown in Fig. 2.1. The matrix phase y is 
austenite, that of the precipitate (9) is for these purposes M23c6 . 
2 The collector plate area (A = d ) is shown in Fig. 2.3 with the 
V V 
operational diffusion mechanism. This model was originally applied 
to copper precipitation in Al-Cu alloys .. 
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Since the model is controlled by the bottleneck of matrix diffusion 
supply to the collector plate boundary conditions for the solution of 
Fick's second law (Crank 1975) can be set up. These can be seen in 
Figs. 2.4 and 2.6. x9 is the precipitate solute concentration, Xa 
is the matrix solute concentration (both are volume concentrations). 
Xa is calculated from the weight percentage given in Table 1.1 (WCR = 2~~4%) 
The density of the alloy (p), measured by water displacement and weighing 
in the laboratory was found to be 8.977 g/cc. 
The volume concentration (%) is gfven by: 
where a = 
N = 
d = 
Vol % = 
g. at wt of chromium (51.996 g) 
23 Avogadro's No. (6.02252 x 10 ) 
-8 
atomic diameter of chromium (2.517 x 10 cm) 
From this the volume concentration, Xa, is 0.245. 
~e is the equilibrium concentration of solute at the precipitate/matrix 
interface calculated from the Van't Hoff lsochore; for the precipitation 
reaction (Caisley and Faulkner 1976). It is given by: 
where C 
c 
R 
T 
Q 
= 
= 
= 
= 
= ( 1 (-Q; -0.9))
6
123 c; exp RT 
c 
available carbon content 
the gas content 
absolute temperature 
heat of solution for M23c6 
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It should be noted that Q's value has' been taken for an 18/8 austenitic 
steel matrix (Deighton 1948) hence the value for Jtla9 is an approximate 
one for Alloy 800. It is however accurate enough to be usable. 
~a has to be corrected for precipitate curvature, (see Fig. 2.5) and 
for this the Gibbs-Thompson (Caisley and Faulkner 1976) equation is 
used as given by: 
2.1 
where r' = precipitate radius of curvature (see Fig. 2.5) 
n = the partial molar volume of solute in the matrix 
R = gas constant 
0 (J/ K/mole) 
T = absolute temperature 
y = surface or interfacial energy of the precipitate/ 
matrix interface 
<y = O"aj3 for cap shaped precipitates in Chapter 3) 
It should be noted here that for non-spherical precipitates the Wulff 
criterion (Greenwood 1968-9) is more applicable but data for the 
interfacial energies of the interfaces is at present not available. 
Only Murr's (1975) bulk energy data may be considered reliable. 
To calculate xa0 the available carbon content(C ) must be known. 
a c 
This may be done using an equation produced by Beckitt and Gladman 
(1972) as adapted by Williams and Harries (1972). 
is given below. 
log fT.i] [ C J 
e = 
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-6780 + 2.97 
T 
The basic equation 
Where [ ] represents concentrations of titanium and carbon in the alloy 
0 
at absolute temperature T K. (For this T = 1427°K). 
From this solubility product equation [Ti] = 0,255 wt%. This of 
course, assumes that all the carbon is tied up as TiC at 1427°K, 
Some will be present as titanium carbonitride but this is small, 
(wt% of N in Table 1,1 is very small and some of this will be taken 
up as titanium nitride.) The loss of carbon due to this is accounted 
for below. 
Assuming carbo-nitrides and nitrides of titanium are present in equal 
proportions the amount of carbon in the carbonitride may be given by: 
!CC0.53 - 0.255)/47.90 x 12,0l)wt% = 0.0317% 
This leaves (0.068 - 0,0317) or 0,0263 wt% available for M23c6 
precipitation. Hence volume concentration may be given (as above)by 
- 0.0263 c 
c 
(12,0ll ( N 
-8 3 /(~(\54xl0 ) ) = 0,00058 
This is the value used for c . 
c 
It should be noted that the effect of 
carbonitrides on carbon has been accounted for but they will also 
affect ]Ti J in equation 2 .1. However from 2.1 0.53- 0,255%Ti is 
available for carbonitride and nitride formation. Caisley and Faulkner 
(1976) tried to estimate the amount of nitride and carbonitride using 
quantimet analysis on optical micrographs of solution treated specimens. 
Their value is slightly higher than the value above but their alloy 
contained more titanium and an unspecified amount of nitrogen. 
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In Table 1.1 for Alloy 800 the nitrogen content is given as: 0.038 wt% 
hence approximately 0.038/14 x 47.9 wt% of titanium can be tied up as 
carbonitride and nitride. This gives 0.16 wt% of titanium and hence 
the work above allows generously for the amount of titanium available 
for TiC formation. Other trace impurities will take up some of the 
titanium but this is negligible, Williams and Harries (1972) assumed 
that the elements boron, sulphur, phosphorus and nitrogen, if present 
would combine with titanium in preference to carbon but these are not 
present in substantial amounts as given by Table 1.1 
The boundary conditions for the solution of Fick's second law are 
(see Figs. 2.4 and 2.6) 
r J O, t = O, X = X~ 
r = oo, t > o, X = Xa 
where r is the distance from the precipitate, r(O) is the centre at 
t(O), t is the growth/ageing time and X is the solute (volume) concentration. 
Using an error function solution to Fick's second law of diffusion applied 
to this problem 
X(r,t) 
In equation 2.2 D 
V = 
solute diffusion coefficient in the matrix 
(volume coefficient) 
-a ps is the partial molar density of solute in the matrix. 
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2.2 
Volume units are used since any diffusional process is mutual i.e. 
solute displaces solvent/matrix and vice-versa. The Fickian diffusion 
coefficient is a summation of intrinsic diffusional properties. These 
intrinsic coefficients are not equal (i.e. n(AinB)~ n(BinA)) (She~on 
'Diffusion in solids' 1963). Even accounting for the different sizes 
of A and B atoms an observed volume change would occur. This will not 
be accounted for if weight coefficients are used. Transference of 
material across an interface of unit area/volume cannot be of constant 
mass. Volume units are therefore used since their space scale (r) 
is linear whereas for weight units the scale is non-linear. 
where Av 
dm 
dt 
Using Fick's first law: 
()m 
dt 
= 
= 
2 dv and is the collector plate area 
rate of solute supply to the material 
Integrating 2.2 and substituting in 2.3 
2.3 
(erf(Z) 
z 
= 
Z n2 2; 1t f e ~- dn where n is a dummy variable and 
0 
= 
rhy'll't) 
·aS -a X )p 
a(r) s 2.4 
1tD t! 
V 
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and 
but 
.. , 
dm 
dt 
dm 
dt 
dm 
dv 
dv 
dt 
= 
= 
= 
= 
! 8 -a -! AvDv (X -:fl( ))p t 
a g r s 
1t! 
dm dv 
dv dt 
-a 
(X -8 
x:xe 
a(r))ps 
dL 21tLs dt (for the disc shape as shown in Fig. 2.3) 
2.5 
2.6 
2.7 
2.8 
Aaron and Aaronsson then assume , the half thickness of the precipitate 
remains constant during the process. Substituting equations 2.7 and 
2.8 into 2.5 via 2.6 
dm 
= dt 
and dL = dt 
assuming s = r' 
L = 
where K = 
(Xe - ~~r)l -a dL p s 21tsL dt 
AvD•J(X - xel8 ) 
v ll ll(r) 
21t3/2 (X() ~ xU8 )SLt! 
a(r) 
and integrating w.r.t 
aS ! 2(X - X ( ))AvD. a cxr _ v 
3;2cx -xae ) ' 1t 8 a.(r) r 
t 
2.9 
2.10 
2.11 
This assumes lengthening of the precipitate is the rate controlling 
process, interface diffusion being much quicker. Considering s to be 
variable made the solution more complex with no improvement in accuracy 
(Aaron and Aaronsson 1968). When 2.10 was compared with observations 
of copper preipitation in copper-aluminium alloys the authors found the 
index of t to be 0.22 - 0.34 experimentally. 
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2.1.2 Aaron and Aaronsson's (1968) thickening or interfacial 
diffusion model 
Here distribution of solute over the growing precipitate by interfacial 
diffusion is the controlling process. The cross-sectional area through 
which the solute can diffuse is given by 2~Lo, S being the thickness 
of the interface. Here the precipitate is assumed to be disc shaped 
as shown in Fig. 2.3. 
dm 
dt 
By Fick's first law: 
= 
dx 
dL 2.12 
Where Dd9 is the diffusivity of solute moving along the interface. 
The average value of dx/dl is given by: 
dx 
dL = 2.13 
Where B is average fraction of L that the solute atom diffuses along 
the interface before joining the e phase (i.e. as the precipitate grows 
solute atoms have to travel further along.the interface). 
Substituting 2.13 in 2.12 
again 
where 
dm 
dt 
dm 
dt 
dm 
dv 
= 
= 
= 
= 
l 1 - l/2 (Caisley and Faulkner 
1976) 
. ae ae -a (2~Lo)Dae<xa(r)-xa )ps 
fl 
dm dv 
dv dt 
(X xae -a 9- a(r))P
5 
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2.14 
2.15 
2.16 
and for a disc shape V 
hence 
dv 
dt 
dm 
dt 
equating 2.15 and 2.17 
ds 
dt 
= 
= 
= 
= 
2 1tL s 
.ne _a <x9-x- )p Cl s L
2 ds 
1t dt 
8 (X -e 
y,ae) 2 
a L 
2,18 becomes on integration and combining 2.10 
s = 2Qt~ 
where Q = 
This concludes the analysis of Aaron and Aaronsson's models. 
2.17 
2.18 
2.19 
Equations 2,19 and 2.10 were used to predict theoretical values of 
precipitate growth times for comparison with experiment (see Chapter 6). 
2.2 Caisley/Faulkner (1976)Model for Precipitate Growth 
2.2.1 The lengthening process 
The last model worked well for the copper-aluminium system to which it 
was applied. For austenitic alloys, Caisley and Faulkner considered 
precipitate morphology to be preserved during the early stages of growth 
with which they were concerned. Hence they related L to s by the 
constant aspect ratio 
L = 2,20 
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where K1 is the constant aspect ratio, Land s have been defined in 
Section 2.1. 
dm (X - xxe -a dv 2.21 = a(r))ps dt e dt 
But: V = 
2 1tL s = 
2 3 1tK1 s for this model. 
Hence dv 2 2 ds 2.22 = 31tkl s dt dt 
substituting 2.22 into 2.21 
dm ' ., z._. z.;; . xae · .. ) -a ds: 2,23 = 
· 3"K'i ~~e dt a(r) ps dt 
equating to 2.5 
A D ! (X - xele -! 
ds V V Cl 
a(r) )t 
= 31t3!2. 2 2 xae ) 2.24 dt Kl s cx8 a(r) 
2,24 differs from Caisley and Faulkner's equation due to a different 
3/ index of 1t on the bottom line (lt 2 as opposed to 1t in Caisley and 
Faulkner's work), 
Integrating 2,24 
t = 2.25 
4A 2D (X 
V V Cl 
or for the length dimension: 
t = 2.26 
Either 2.25 or 2,26 can be used to evaluate isothermal precipitation 
curves for a given size of precipitate. Results of this are presented 
in Chapter 6, 
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2.2.2 The interface diffusion controlled (or thickening) model 
Assuming bulk diffusion to the grain boundary is not a bottleneck, the 
kinetics are now controlled by the interfacial diffusion process of 
thickening. Using the same reasoning as in 2.2.1 and 2.1.2. 
a a 
_ xae) 
ds 20n e <x t > a . a r a 
= 
.xae ) dt -,,;:313'' Jt· .2 s 2. 
<xe 2.27 -l a(r) 
hence t = 2.28 
2.28 was used to compute isothermal precipitation times for this 
model. 
The interfacial mechanisms were not carried any further apart from 
Aaron and Aaronsson's (1968) model and the disc shaped Caisley/Faulkner 
model. The results predicted from these, as shown in Table 6.1 gave 
almost instantaneous growth. Hence this mechanism is definitely not 
the rate controlling bottleneck of the lengthening and thickening 
mechanisms. The later adaptations of Caisley and Faulkner's model 
would not alter isothermal precipitation times predicted for the 
interfacial models much when compared with their distance from observed 
growth. 
2.3 Alteration of the Collector Plate Parameter in the Caisley/ 
Faulkner Model 
To fit experimental results the basic Caisley/Faulkner (1976) model was 
' 
altered. Caisley and Fl;culkner had assigned a "alue to the collector 
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plate area based on the precipitate spacing they had obtained using 
electron microscopy. An attempt was made to assign Av a theoretical 
value using the distance a solute atom can diffuse in a given time (p). 
(Shewmon 1963 'Diffusion of solids'). 
p = 2 liD (p = d ) V V 
2 4D t. = p = V Av 
By this an extra time function is introduced into the Caisley/Faulkner 
model. Taking lengthening as in Section 2.2.1 equation 2.23 becomes: 
dm 4D t D !(X il e > - '\ -! 2.29 = dt V V Cl a(r) ps 
ds 4D 3/2 (X - JCt 9 )t! 
= v a a(r) dt 3/2 2 2 e 3~ K1 s (x9-~(r)) 2.30 
p 3 3/ 2 tie r/3 s ~ 2Kl <xe- a(r)) 2.31 <lfl integration t = L D 3/2 (X - ~e ) 8 v a a(r) 
again 2.31 may be written for lengthening 
t 2.32 
2.32 and 2.31 are equations derived for the disc shaped model. Further 
morphological models will be developed using the collector plate analysis 
above (termed Avv) or the conventional analysis developed by Aaron and 
Aaronsson (1968) (termed Av ). 
c 
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2,4 Alterations to the Caisley/Faulkner Disc m'odel accounting 
for Precipitate Shape 
Caisley and Faulkner (1976) had assumed: 
i) A constant relationship between precipitate length and 
thickness which they called the constant asp@etratio 
and assigned it aJvalue of 4,0, This assumes that 
shape is preserved during the early stages of growth. 
ii) The precipitate was disc shaped hence the relationship 
in 2,22. 
Hereafter the models described in Section 2.2 will be referred to 
as the disc shaped models, This section is intended to consider 
more realistic morphologies in the light of experimental observation 
and to derive the relationship between length and thickness from the 
morphology under consideration. It should be remebered that these 
new models are still theoretical idealisations of precipitate geometry 
and that the assumption of preservation of shape is still made, 
Only equation 2.22 is affected by these considerations, the process 
of analysis otherwise is the same as in Sections 2.2 and 2.3, where 
this is so reference is made. 
2.4.1 The cap morphology 
This morphology can be seen in Fig. 2.7, From this 
V = 
3 2 
1tr 13- COS'jl 
3. 
+ cos ~~ J 
3 ' 
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since L = r sin ~ 
V = 
if f ('!') = 
then V = 
3 2/3 
1tL ( 
2/3 -
( 
3 
- cos~ +14-os ~) 
. 3\H 
sl.n r 
cos~ -+l3cos3~ ) 
sin3~ 
1tL3f(~) ~· and = dt 31tL2f(~) 
Note that L is the precipitate half length. Using 2.21 
dm 
dt = 
2,35 
dL 
dt 2.36 
2.37 
equating this to 2.5 for the Av constant model (Caisley/Faulkner disc 
shaped), and to 2,29 for the Av variable model then integrating the 
size time relationship may be found. 
For Av constant equation 2,26 becomes: 
t 
3 x --lf9 2 1.6.' 2!...-c ( e a c r) ) , .,;.;. 
4 ··· ae · 2 
Xa Xa(r) Av Dv 
= 2.37 
For Av variable 2.32 becomes 
t 2.38 
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2.4.2 The facetted model 
For this model (Fig. 2.8) 
V 
3 l 3 1 3 ~r (cos~ - cos~ - 3 cos ~ + ~os ~) = 
For Av constant 2.26 becomes: 
t 
where = 
- J[le 
a (r)) 
- lfe 
a (r) 
= 
1>h 3 )2 ~ ... L :1'( ~fl>) 
! 2 AvDtf, 
1 3 1 3 3 (cos~- cos~- 3 cos <!> + 3 cos ~ )/sin ~ 
For Av variable 2.32 becomes 
t (~ 8 = 
2.4.3 The triangular model with a square base 
2.39 
2.40 
For this model (Fig. 2.9) it must be remembered that the full length 
and not the half length is used for the length dimension. 
V = !L
3
sin9 cos9 
For Av constant 2.26 becomes 
([~ lfe 2 6 2 2) - a(r~ ~L cos Asin.H t = x~~r) . 2 16 Dv Av 2.41 
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and for Av variable 2.32 becomes: 
t = (9 a(r)) ( 
x - :Re 
~ ~~r) 
2.44 The triangular conically based model 
For this model half length is again used (Fig.2.10) 
V = 
1 
1t L3 tanS 
3 
For Av constant 2,26 becomes: 
t = 
For Av variable 2.32 becomes: 
t = (
<xe -
(X -('( 
3 6 2 
1t L tan 9 
2 ) 
Av Dv 36 
2.42 
2.43 
2.44 
This concludes the analysis of the morphological adaptations of the 
CAisley/Faulkner growth theory. Before considering the solution of 
Fick's second law analytically in the growth problem, a short summary 
and presentation of the data used is given. 
2.5 Summary of the Growth Theories and Data used 
Table 2,1 gives a summary of the growth models. The name of the model 
and the size-time relationship derived is given along with the equation 
number used in the text. Table 2.2 is a table of the data used for 
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the various parameters used in the growth kinetics, their sources are 
referenced. Table 2.1 uses abbreviated model names that are used 
throughout the text. The names characterise the model but reference 
to the equation number in Table 2,1 provides an easy method to check 
the relevant model, Table 2.2 has incorporated values for Nimonic 
PE16 and Alloy 800 where necessary. The gas constant is given in 
cal/°K/mole as well as J/°K/mole since Caisley and Faulkner (1976) 
used calories for their activation energies. Otherwise SI units 
are used throughout. 
2.6 Direct Solution of Fick's Second Law Applied to 
Grain Boundary Precipitation 
This was attempted considering Caisley and Fa.ulkner 1 s basic growth 
model, Fick's second law states (Crank 1975, Shewmon 'Diffusion 
in Solids' 1963) : 
Where c = 
t = 
X = 
D = 
de 
dt = 
2 
D Q.::£2 c.x 
concentration of differing element 
diffusion time 
distance from the section being considered 
d~ffusion coefficient 
2.45 
This is a one dimensional simplification of the more general 3D 
equation. 
de 
dt = 
2 n<~x~ + )(Crank 1975) 2.46 
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Diffusion may be considered in cross-section, for which 2.45 may be 
used. Usually an error function solution for a pair of semi infinite 
solids with an extended initial distribution is used. 
But 2.45 can be solved by separating the variables (Crank 1975). It 
would be more desirable to solve the problem using a spherical polar 
or polar coordinate system but these both involve the use of Bessel 
functions making the solution overcomplex. Assuming ~tropy in the 
material the solution for 2.45 can be applied to the problem. This 
is given by: 
c = 
2 
-A Dt Ae (Bsin(). x) + C COS(Ax)) 2.47 
2 
i.e. c = e-). Dt (A' sin().x) + B' cos(Ax)) 2.48 
here A' = AB = a constant 
B' = AC = a constant 
The situation is represented schematically in Fig. 2.11. The boundary 
conditions are: 
i) t = o, X = o, c = XC4 (hence from 2.48 XC4 = B') 
ii) t = t, X = "' c = X a indeterminate • 
iii) X = -r c' t = T, c = X C4 
where r = radius of a critical precipitate nucleus c 
T = Incubation time for precipitate nucleation; 
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from iii) 
and 
iv) at 
Hence 
= 
~2Dt X,e (-X )cos( -r A) 
<" a c) A' = 
X = o, t 
ae lo~(X /X ) 
a a 
= 
sin ( -r ;) 
.C 
t, c = 
2 
= -A Dt 
2.49 
2.50 
hence 
2,51 
2.52 
The constants A', B' and A are now known in terms of other known 
parameters, the time variable and C(x,t) or just C can be evaluated 
by computer program. 
Condition iii) is invoked to involve the thermodynamic considerations 
of nucleation time, If nucleation theory is to be by-passed as for 
Caisley and Faulkner (1976) condition ii) must be made determinate, 
To do this X 
X = 
t = 
= 
from which A' 
= oo is approximated to 
= 
2~ and condition ii) becomes: 
t, X = = 
oc; X ( ox = 0) a 
2 
e-A Dt(A' sin(\2J5t)+ X cos(2A/Dt)) 
a 
2.53 
2.54 
The complete solution is made again by writing the equations for A', 
B' and A on a computer and using it to solve 2.48, C(X, t) is the 
solute flow to the boundary and can be used in 2,2 to solve the overall 
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problem, Note also that the problem of solving for a moving interface 
is considered. This model has not yet had a trial run due to lack of 
time. It could prove an interesting basis for future work particularly 
in three dimensional applications although a more complete solution 
using Bessel functions would be required than used in 2,45 
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CHAPTER 3 Theoretical analysis of the nucleation kinetics 
and their addition to growth theory 
The work of Russell (1968, 1969, 1970, 1975) and Hancock (1971) who 
adopted some of Russell's theories to triangular shaped precipitates 
has been used to predict nucleation times for M23c6 precipitates in 
Alloy 800 and Nimonic PE16. The techniques are applicable to any 
austenitic alloy apart from minor adjustments of input data, The 
nucleation times predicted are then incorporated into the growth 
models to produce predictions for the precipitation kinetics based 
on both nucleation and subsequent growth. Some general drawbacks 
to the nucleation models are: 
i) That M23c6 precipitates are partially coherent with the matrix 
grains and may not necessarily preserve their nucleated/embryonic 
morphology as shown in Figs. 2.7 - 2,10 and Fig, 3,1 during 
nucleation and growth. Russell (1975) has shown that this 
has minimal effects for nucleation of the morphologies 
considered here. Caisley and Faulkner (1976) have stated 
that the assumption of constant morphology is reasonable 
for the early stages of growth. 
ii) No strain energy effects have been considered, Their 
nature is complex for a partially coherent precipitate 
and to some extent mismatch is alleviated by the 
equilibrium number of vacancies present (Russell 1975), 
iii) Boundary and bulk diffusion models are treated separately, 
For a partially coherent precipitate such as M23c6 both 
mechanisms are likely to be operative, the boundary 
mechanism only partially. 
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/ 
iv) Values for the interfacial energies have been taken from 
bulk experimental work quoted in Murr (1975). The 
nature of the precipitate/matrix interface is neither 
consistent not fully understood to enable work on 
individual cases to be generalised. 
The first model to be described is the facetted spherical cap model 
of which a full analysis is presented, The same process is used 
for each morphology and later descriptions are briefer. Reference 
where necessary is made to the facetted precipitates' analysis. 
3,1 Analysis of RussellAdapted for a Facetted Grain Boundary 
Precipitate 
Russell (1968) first used linked flux analysis to define homogeneous 
nucleation. This considered precipitate clusters to grow by a solute 
flux to them from the matrix causing a resultant change in matrix 
solute concentration adjacent to the cluster. The flux was hence 
considered as an addition to the cluster, but unlike previous models; 
a depletion of the matrix. 
The results of the linked flux analysis were then adapted to heterogenous 
grain boundary precipitation (Russell 1969), Russell et al (1975) 
then made a more detailed and realistic approach to the effects of 
precipitate morphology on nucleation. This last approach produced 
a general equation for incubation time that incorporated morphological 
or shape factors, It is on this work that the analysis below is 
based. The full analysis is for the facetted model as shown in Fig. 2.8. 
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For any critical nucleus (i.e. cluster/embryo that has reached a 
stable size from which it can continue to grow) : 
where 
r* 
t:.G 
V 
r* = (Russell 1975) 
is the radius of the spherical portion of the nucleus in 
the critical condition 
is the interfacial energy of the sperical portion of the 
nucleus 
is the volume free energy change accompanying critical 
nucleus formation 
3.1 
For homogenous unfacetted nucleation (denoted ' ) from Gibbs (1928) hu 
t:.G* = hu 3.2 
Where t:.G* is the standard free energy change accompanying homogenous hU 
unfacetted nucleation of critical nuclei. Having stated this Russell 
et al (1975) first attempted to evaluate l:.G* for heterogeneous nuclei 
nucleating on a grain boundary. This is done below for the shape 
shown in Fig. 2.8 that was taken from observations of precipitate 
morphology using electron microscopy as described in Section 5.1.2 
and is not precisely the same morphology as used by Russell et al. 
It grows on one side of the boundary only. 
t:.G* is the algebraic summation of volume free energy, interfacial and 
boundary energies. 
by 
V 
If the volume (V) of the nucleus/embryo is given 
= 
COS\!> 2 11X dy 
COSljJ 
(being a22D p2ofil~ of a sphere) 
r =X + y 
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Where X and y are cartesian axes the former parallel to the grain 
boundary plane the latter perpendicular (see Fig, 2,8 for ~ and~). 
Hence 3 1 3 1 3 1tr (cos<!>- 3 cos <!> - coS¥ + 3 cos '¥) V = 
V.~G = volume free energy component of the 
V 
standard free energy change 
3.3 
The surface or interfacial energy contribution of the spherical portion 
of the nucleus is given by a:· A :. where the curved surface area Ac ll8 c 
is given by 
A = 
jr cos<!> h2 2 (21tX y /X + 
c 
r cos'¥ 
2 
- COS<j>) = 21tr (COS'f 
This contribution is thus: 
SE 2 = cr.' 1tr (cos<!> - cos'¥) ll8 
1 ) dy 
3,4 
3,5 
The contributions of the facetted portionsoof the nucleus are given 
by c craB is the interfacial energy of the facets and AF 
their surface area is given by: 
= 3,6 
This contribution is thus 
3,7 
The contribution of the grain boundary energy destroyed is given by 
cr66AB where cr68 is the specific boundary energy and AB the surface 
area of the boundary;hucleus interface. 
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= ~r2 s<n2 m ass .. ~ r 3.8 
Thus the total free energy change accompanying embryo formation is 
= 3.9 
Using equations 3.8, 3.7, 3,5 and 3,3 
3 1 3 1 3 
t.G I ltr (cos<!> - =3 os <!> - cos 'I' + - cos 'l')J + V 3 = 
2 c 2 .2 .2 2.2 [2~tr (cos<I>- cos'!')]+ O"a.S {ltr (sm <1>1- sm '!')]- a1313~tr sm '1'3,10 
Resolving horizontally and vertically along the boundary/precipitate 
interface: 
= 
c 
aa.s cos 'I' + cr a.B 
Resolving horizontally along the precipitate/matrix interface: 
= 
Hence = <Ya.S(cos<l> + cos'¥) 
3,11 
3.12 
3.12a 
Taking 3,10 at the critical nucleus size and substituting for r using 
3.1 and incorporating 3.2, 3,12 and 3,12a : 
= 
9j lj 3 9j lj 3 t.G* ( 4cos <!> + 4cos <1> - 4cos 'I' - 4cos 'jl) 3.13 
hu 
But t.G* = t.G*huKJ 
Kj being a geometric factor related to the particular morphology j. 
Hence Kj = 
9 1; 3 9; 1; 3 ( I 4cos' + 4cos <!> - 4cos 'I' - 4cos '!') 3.14 
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If Lj is the ratio of the spherically curved area of the matrix}nucleus 
interface to that area of a sphere of the same radius 
= Hcos\P - cos'!') 3;15 
By equating the volume of the nucleus determined geometrically to that 
using the number of solute atoms (n) in the nucleus times the average 
per atom (V ) Russell (1975) obtains 
C< 
solving for r 
r = 
= nV 
Cl. 
3.16 
Substituting 3.16 in 3.10 and differentiating twice the result w.r.t n 
82 (t.G;n) = 
on 
At n* i.e. the critical nucleus size (where 8t.G0 /on = 0) 
2 . 0 
8 (t.G n) = 
;s;T 
3.17 
'3.19 
The process of differentiation in reaching3.17 assumes that precipitate 
shape will be preserved throughout nucleation (see Fig. 3.2). Hence 
the angles \P and '!' in the expression for Kj (3.14) remain constant. 
Russell (1975) derives an expression for nucleation where the original 
matrix/precipitate facet is stationary and growth occurs only along 
the precipitate length. He shows that for the angles of .P and '!' 
used here (see Section 3.5) the difference between the two mechanisms 
creates a variation factor in (o 2t.G0 n;6n2 )n* of about x 0.9. Hence 
the simpler solution has been used as given by 3.18. This considers 
morphology to be preserved during growth. 
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Z the Zeldovitch factor is given by: 
z = [ 
2 0 
_1_(0 l:.G n 
21tKT Qn2 J 
+! 
)n* (Russell 1975) 
and T the incubation time of the critical nucleus is given by: 
3,19 
T = (Russell 1975) 3,20 
Where K is Boltzmann's constant 
T is absolute temperature of the reaction 
8* is a frequency factor related to the solute supply 
Using 3.18 z = [ 21t~T a v -V 2 l:.G 4j+! 321tKjcra83 3.21 
8* = N;\ (Russell 1969) 3,22 
Where N 
where a 
= number of solute atoms within one random 
walk jump distance of the precipitate 
periphery (i.e. available for attachment/ 
detachment, to/from the nucleus) 
= matrix atomic fraction x precipitate surface area 
2 
a 
= matrix lattice parameter 
= random walk jump frequency = D/a2 
Hence 8* = 
a 
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3,23 
3,24 
Where S* 
D 
xfl 
S* 
= 
·-= 
= 
= 
disordered area of the critical nucleus over 
which solute supply is possible (curved surface 
area for bulk diffusion) 
diffusion coefficient of solute in the matrix 
mole fraction of solute in the matrix phase 
Using this in 3.24 with 3.20 
T = 
It now remains to evaluate <!>,'¥, Ll.G , V and X a 
V Cl ~ 
3.1.1 Calculation of Ll.G 
V 
3.25 
Russell et al (1974) and Le Coze (1975) present an accurate method for 
evaluating Ll.G 
V 
M C precipitates are solute rich (Xa = 0.890) and 23 6 
hence the dilute solution approximation may be used 
Ll.G 
V 
see Chapter 2 for X et and 
3.1.2 Calculation of Vet 
3.26 
Vet is the average volume per atom in the nucleus phase, assuming M23c6 
= 
(7.29 X 23 + 3.42 X 6) X 10-6 
6.02217 X 1023 X 29 
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where 
molecular volume of chromium = 
3 7.29 cm /mole 
(Comprehensive Inorganic Chemistry 1973) 
molecular volume of carbon* 3 3.42 cm /mole = 
(Samsonov 1968) 
*assuming carbon to be monatomic. 
3.1.3 Calculation of Xe, ~ and ~ 
Xa is the mole fraction of solute in the matrix and can be given by 
= 3.27 
(Handbook of Chem. and Phys. 1975-6) 
-
where XCI = wt% concentration of solute in the matrix 
MCR = molecular weight of chromium (solute) = 51.996 
MFE = molecular weight of solvent (iron) = 55.847 
XCI may be obtained from XCI the volume matrix concentration 
3.28 
where PeR = 7.10 g/cc and is the density of chromium 
PFE = 7.88 g/cc and is the density of austenitic iron 
(Childs 1972) 
Xi = is the volume concentration of the element i. 
~ and~ are the angles of the precipitate geometry (see Fig.2.8) and 
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were estimated from transmission electron micrographs taken during the 
qualitative work. Some of ·this work can be viewed in Figs. 5, 6-5. 8, 
measurements being taken from one hundred precipitates of various 
sizes. A variation in angle of about 12% was found the mean values 
are given below 
= 
= 
Each parameter in equation 3.25 has now been evaluated and incubation 
times can now be computed for M23c6 precipitation in Alloy 800. 
3.25 is repeated below since it is the basic equation used for the 
next morphology 
T = 3.25 
3.2 The nucleation of cap shaped precipitates 
This morphology is shown in Fig.2.~ and is identical to the cap 
morphology of Russell et al (1975). Equation 3.25 is again used 
to predict T • Only Kj and L.j are different from the facetted 
analysis. Here by similar methods to those in Section 3.1.0 
K 3 = (2 - 3cos '!' + cos '1')/4 3.29 
L = 0.5(1 - cos'!') 3.30 
'I' has the same value as that used in Section 3.1.3, the value varying 
little from the facetted value. 
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3.2.1 Nucleation by grain boundary diffusion 
So far only bulk diffusion mechanisms have been considered. A 
boundary mechanism was worked for the cap and facetted models only 
on the basis of an analysis by Russell et al (1976). 
Taking the cap shape, the only alterations to Section 3.2 are the 
diffusion coefficient values and the value of S*· S* is the solute 
flux to the nucleus and is the product of the number of solute atoms 
available for attachment or detachment with the nucleus surface area 
and the jump frequency towards the nucleus. Z, the Zeldovitch factor 
is unaffected by boundary diffusion analysis and remains the same as 
in Section 3.1,0. The new expression for the diffusion coefficient 
is: 
where X = 
(J = 
'I! * = 
solute concentration in the boundary to which D 
is applicable 
3.32 
boundary thickness ~ 0.5nm (Russell 1976, Caisley 
and Faulkner 1976) 
r* is as before 
The term cr2ltr* sin'¥ represent the surface area term in S *. This 
value, is an approximation used by Russell et al (1976) in assuming 
precipitate shape inside the boundary is disc shaped, Two attempts 
were made to improve this. 1) By considering a continuation of 
the cap shape inside the boundary and integrating to find the curved 
surface area of the portion inside the boundary. 
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Surface area = 2x(PHI - cos'!' )r* 2 3.33 
hence B* = ~ DbX<l 27t(PHI - cos 'l')r* 2 3.34 
where PHI -l(cr + r cos 'I') 3.35 = cos r 
A second attempt added the basal area of the precipitate nucleus to 
3.32. 
i.e. surface area = 2 2 2x(PHI - cos'l')r* + x(r*sin'l') 3.36 
For all three variations nucleation was virtually instantaneous. 
Some results are given in Table 6.6 for Russell et al's (1976) basic 
model. Equations 3.34 and 3.36 do not affect them enough to correct 
a misfit of order x104 with experimental observation. 
On their own these models are not considered important. However 
taking the fact that M23c6 is a partially coherent precipitate some 
contribution from a boundary mechanism is likely. Furthermore 
Smith's (1975) data shows that the activation energy for boundary 
diffusion of chromium in an austenitic matrix is not half of the 
bulk value but significantly greater. In light of this a combined 
bulk/boundary mechanism is worth reappraisal. 
3.3 Nucleation for Triangular Models with a Square Base 
Equation 3.25 cannot be used for these models. There is no simple 
means to obtain K J and L j since, having a square base comparison with 
an unfacetted homogeneously nucleated shape is not possible (L in Fig 3.1 
cannot be related to r, AG* cannot be found in terms of AG*hu). 
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Hancock (1971) first developed a crude analysis for triangular morphologies 
based on Russell's theories. Hancock's morphology as well as a simpler 
shape is considered. In the former a rectangular base holds the 
precipitate inside the boundary, this is discarded for the simpler 
case (see Fig.3.1). 
3.3.1 Simple square based triangular nucleation 
The morphology of this model is shown in Fig. 3.1. Using the 
geometry and equating volumes for the embryonic nucleus (cf. equation 3.16) 
nV ex = !L 
3 
sinS cosS 
where n is the number of solute atoms in the embryo. 
2n V ex 113 1;3 
(sinS cos9) = (nS) Hence L = 
where s = 2V.._(sinS cosS 
The expression for the total standard free energy change for an 
embryo (f).G0 .) is : 
n 
3.37 
3.38 
3.39 
= !n sinS cosS nS f).G 
V 
213 
+ (nS) (yl(g(9))+y2--yB) 
3.40 
where y2 = surface energy of the base 
·c 
~cr Cl e 
yl = surface energy of the matrix/nucleus interfaces ~cr cxe 
Ye = grain boundary energy destroyed = cree 
and g(9) = sinS + cosS + sinS cosS 
differentiating 3.40 w.r.t. n. 
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0 
o AG n 
on 
= 3.41 
at n* 
0 
MG n 
:on = 
0 where n* is the number of atoms in the 
critical nucleus 
4g(O)y1 + y2 -yB 3 Hence n* = <3.~sin0 cos9 AG s11J) 
V 
2 0 -4 2/3 2 (n*) /3 and a AG n = s (g(9)y 1 + y 2 -y B) 
.on2 9 
The surface area S* of the morphology is given by: 
S* = L2(sin9 + cosO + sinO cosO) 
S·* is given by 3.24, substituting in 3.44 
s* = DXS (L
2(sin9 + cosO + sinO cosO)) 
4 
a 
Incubation time~) may be given by (Russell 1969) 
0~ 
T 
= 2S * 
3.42 
3. 43 
3.44 
3.45 
3.46 
±0 12 represents the metastable region of the embryonic nucleus/cluster 
as shown in Fig. 3.3. It is the region surrounding n* where the free 
0 * energy is a factor 1 KT less than AGri· and as such may be found from 
the power series for AG0 :. expanded about (AG·O* n*). 
n n 
= 
0 *. 2 
AG + ~(n - n*) 
n 
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2 0 
(& AG tl ) * 2 n 
.lin 
By Taylor : 
0 
.6.Go * KT using n = n* ± 0/2 and .6.G n = ± n 
2. 0 
-! 
-1 ll .6.G- ii. ) 0 
= [ ( ~ 2. n*] 3.48 8KT n 
The time to drift across o may be taken from a random walk analogue 
in diffusion process (Shewmon 'Diffusion in Solids' 1963) thus T =o 2;2s* 
Russell (1968) gives 1 z where Z is the Zeldovitch factor. 
Numerically z 1 ;r 
21t 
8 i.e. 0.79/ o thus a small inconsistency 
has arisen by using Z in 3.20. Why Russell has used both methods is 
unclear. The use of o as in 3. 46 is more theoretically sound yet 
it is his latest work that uses z. Equation 3.20 is an approximation 
of the expression for solute flux (J) at time (t) (Russell 1975). 
J 
0 * 
- -.6.G ··; T 2'8*(N/X9 )exp( n KT)exp( lt) 
N number of atomic sites per/unit volume available 
mole fraction of solute in the nucleus phase 
Thus there is a slight difference in the analysis used for the triangular 
models but as will be seen nucleation does not play a significant role 
in their growth kinetics (see Section 6.4.3). 
~ can now be evaluated using 3.48, 3.46, 3.43 and 3.45. These are 
evaluated independently and combined to solve 3.46 for T using a 
computer over the ageing range. 
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Equation 3.43 can also be related to 3.ltf. 
321tsin29cos2e 
28.5(sin9 cos9 
Hence for this model 
. 3 
+ s~ne) 
By definition Lj is not strictly speaking calculable since no circular 
geometry is available for comparison. 
However taking 3.24 and 3.45 
S* = 
where g(9) = sinS + cos9 + sin9 cos9 
Approximating r* as L/2 
L. g(9)/lt 
J 
Using these a crude estimation of the shape factor for this model 
has been made. 
3.3.2 Nucleation for the complex square based triangular model 
This corresponds to the morphology used by Hancock (1971) and is 
shown in Fig. 3.1. By the same process as for 3.3.1 
nV = 3.49 
where h = .!L 7 (Hancock 1971) gave a value for h as 0.3 nm. Considering 
the nucleus as approximately 4 unit cells of M23c6 the base will be a 
square of twice the latticeparameter of M23c6 hence L "' 2.1 nm. 
From 3.43: 
L = 
nva 1;3 (-::-1 __ _..:::... __ 1 ) 
<2 sin9cos9+ 7> 
3.50 
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Where s = 
V 0., 
(~ sin9cosS+ ~) 3.51 
The surface area of the embryo is given by 
Surface area = L
2 ( 4/7 + sinScos9 + sinS + cosS) 3.52 
substitution 3,50 into 3,53 
= 
where G1 = (y1 G(S) + y 2-y8 ) and G(S) = (sinScosS+sinS+cos9) 
differentiating w.r.t.n 
2 -1/3 2;3 4 
-n s (Gl+- y ) 
3 7 l 
oD.Go D 
= 0 at n* ~n 
-2 (G1 + ~ ·y Hence n* = a" ) 1 )3 ( 
and 
s113D.G <!sinS 
V 
= 
2 
9 
1 
cose + -) 7 
- 57 -
3.54 
3.55 
3.56 
3.57 
Using T = 2 • a /2S as for 3.3.1 the incubation times for this model 
may be computed. There is negligible difference to these for the 
simple model (see Table 6.7). This model was dropped in preference 
of the simple model whose kinetics are simpler. 
3.4 Nucleation of Triangular Precipitates with a Conical 
Shape (simple Model only) 
This morphology is shown in Fig. 3.1 and for the cone 
h = L tan 9 
(Note that here the half length is used whereas for square based models 
the full length has been used., L is also a radius of a circular base 
here and the method of Section 3 .1.0 may be used for a solution and this 
can be related to equation 3.2S.) 
The model was originally solved as in Section 3.3.1. 
nVCl 
!tL3 
= 3tan9 3.59 
l; l/3 1; 3V tanS 3 
Hence L = n 3 ( ) = (nS) !t 3.60 
where s = ov tan9)/!t 3.61 (1 
/1Gon = nV 11G Cl V 
2; 
+ !t(nS) 3G 3.62 
where G = (Yi case + 
Y2;;-Ys ) 
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hence 
0 Qll>G · n 
on 
= 
= 
V ll.G 
a v 
-2 
9 
The surface area may be given by: 
surface area = 
213 
lt(n*S) 
case 
.. 
0 at n 
3.63 
3.64 
3.65 
Hence 'r = can now be used to evaluate incubation times 
as before. 
By taking 3.62 and using 3.2 
K· J 
Lj 
Hence -r can also be 
= 
(3/4(-1-
case 
cos9) 
= 
. TI L"- I )+.TT!?-~ 
ltoo~e 
expressed by 
4 
BKTaaea 
2 2 
V a ll.Gv DXe 
= 
Lj 
-~ tanS) 3.66 
3.67 
3.23 
Note 9 F ~ or ~ but again was evaluated from the work shown in 
Figs. 5.6 - 5.10. 
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3.5 Data Used in the Nucleation Analysis 
Parameter reference of source 
-3 2 (1975) 
er BB = 835 X 10 J/m Murr 
668 10-3 2 (1975) er aS = X J/m Murr 
a = 0.3599 run Caisley and Faulkner (1976) 
c 481 X 10-3 J/m2 Equation 3.11 and Murr (1975) er aS = 
K = 1.38062 X 10-
23 J/OK Handbook of Chem. and Phys. 
O.l5(exp(-54 •000iRT))/l04 2 
(1975-6) 
D = m /s Caisley and Faulkner (1976) 
e = 61° Section 5.1.2 
~ = 51° Section 5.1. 2 
'!' = 57° Section 5.1.2 
668 10-3 2 Murr (1975) yl = X J/m 
481 10-3 2 and Murr ( 1975) y2 = X J/m Equation 3.11 
Ys = 835 X 10-3 J/m2 Murr (1975) 
The interfacial energy data has been taken from Murr (1975). The 
angles are taken from the work in Section 5.1.2. 
3.6 Incorporation of Nucleation Kinetics into the Growth Theory 
Discarding the grain boundary diffusion models and complex triangular 
models the others were added to their corresponding growth model and 
the simple disc'model in turn. The addition is algebraic, the nucleation 
time being subtracted from the ageing time to give the time for growth 
for use in the growth models. Note that this, excepting the solution 
in Section 2.6, assumes precipitate size at T is zero (as regards 
growth models) . 
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CHAPTER 4 Experimental Techniques 
4, Introduction 
This chapter aims to show how the results in Chapter 5 were obtained, 
The heat treatments of the alloy, specimen preparation, microscopy, 
measurements made and error estimation are fully described here. 
Where similar equipment has been used for the same purpose only one 
type has been described, If the types of equipment operate differently 
(whilst performing the same job) both types have been described, 
4.1 8pecimen Preparation for Optical and Electron Microscopy 
4,1.1 Heat treatments 
The material (Alloy 800) was received in the form of cold rolled sheet, 
In this condition it can be seen in Fig. 4.1 which is an optical 
micrograph of the material, Undissolved precipitates (marked A in 
Fig. 4,1) could be titanium carbides or carbonitrides or some undissolved 
The precipitates in Fig. 4.1 are lined up in stringers and the 
grain structure is elongated, along the direction of rolling. Fig. 4.2 
shows an electron micrograph of the as received material. This shows 
up the high dislocation density rlompared with Fig. 4,3 which is an 
electron micrograph of the solution treated material, Similarly, 
Fig. 4.1 may be compared to Fig. 4.4 an optical micrograph of the 
material after solution treatment. Note that the equiaxed grains 
and reduction of undissolved precipitate of the solution treated material, 
- 61 -
The treatment has relieved the distorted structure due to the cold 
work and leaves only titanium carbonitrides, nitrides and some carbide 
undissolved. The material is now ready for bulk ageing and microscopy. 
4.1.2 The furnaces used for heat treatments 
Two types of furnace were used, a vertical furnace and a horizontal 
one. The former was used for solution treatments of material used 
for grain size estimation (see Section 4.1.4) and the work involving 
morphological determination (see Section 5.1.3 and Table 5.1). The 
vertical furnace is shown schematically in Figs. 4.5 and 4.5A. Its 
original purpose was to be used where quench rate needed to be accurate. 
However, it proved to be a furnace easy to calibrate accurately and to 
do the heat treatments. For calibration the graduated stainless steel 
tube is moved into the furnace a division at a time. On the end of 
the tube is a dummy specimen and monitoring thermocouple. For each 
reading the temperature in the 'specimen' must be allowed to equilibriate. 
After the specimen has traversed the furnace a graph of position against 
recorded temperature can be plotted (see Fig. 4.6), that shows a small 
plateau of temperature in the middle of the furnace. This plateau is 
known as the hot length and can now be set at the temperature of treatment 
required using a thermocouple. In Fig. 4.6 it has been set at 1423°K 
for solution treatment. The specimen containers are attached to thin 
wires running through the graduated tube (see Fig. 4.5A). The containers 
are made of sealed silica glass and contain an inertcatmosphere of 
argon to prevent contamination of the specimens during treatment. 
The steel tube is loaded into the furnace and held by the brass nut 
(Fig. 4.5). When treatment time is complete a power circuit is connected 
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to fuse the thin wire. The specimens will then drop into the quenching 
bath below. Water was used as a quenching medium throughout this work. 
For ageing, and also for the solution treatments performed at Loughborough 
a horizontal furnace was used. The calibration method is similar to 
that described above, the boat rod being marked for the hot length 
position. The boat was made of stainless steel . This ensured 
quick attainment of temperature, a uniform temperature inside the boat 
and a resistance to contamination by oxidation. The furnace is shown 
schematically in Fig. 4.7. 
4.1.3 Calculation of treatment time and temperature 
Solution treatment temperature and effective ageing time have to be 
calculated. The solution treatment calculation is a check that 
the·.majori ty of the carbides presen·t will be dissolved. 
(Williams and Harries 1972) below is used 
LOfu ( fTi] I C:] ) = -6780.0/T + 2.97 
Equation 4.1 
4.1 
[Ti] and[c] are titanium and carbon concentrations taken from Table 1.1 
and T is absolute temperature. Some carbon will be present as carbo-
nitride, although the precise amount is unknown. It should however 
be noted from Table 1.1 that the amount of nitrogen present is relatively 
small (cf Nimonic PE16, Caisley and Faulkner 1976) and that about half 
of this will be used in titanium nitrides present. Only a small amount 
of carbon and titanium is therefore lost to carbonitrides and this has 
not been considered in using equation 4.1. 
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Williams and Harries (1972) 
have indicated that if S, B and P are present that further titanium 
may be lost in preferential formation of sulphides, borides and 
phosphides. But these elements are not present (see Table 1.1), 
Correcting for the nitrogen present the. available titanium is given 
by 
0.53 -0.13 = 0.40 wt% 
Hence from 4.1 T = 
0 A treatment temperature of 1427 K was actually used. This dissolved 
most of the carbides but also kept grain growth to acceptable levels 
(see Table 5.4). Caisley and Faulkner (1976) attempted to estimate 
Cc by quantimet analysis. However, there are several titanium 
compounds present (nitrides, carbonitrides and carbides) which are 
not easily distinguisable optically. Their method was not used. 
The second calculation is that for effective ageing time. At the 
0 temperature (cl025 K) of fastest percipitation treatments of 1 and 2 
min.have been used. In the ageing work an open steel boat was used 
as a container. On quenching in water after treatment room temperature 
is obtained very quickly. Negligible time is spent in the effective 
diffusion range for this type of quench. However, heating specimens 
up to ageing temperature took c.2 minutes. For ageing tinesof only 
1 minute this heating up time is quite substantial, Williams et al (1976) 
produced an equation to calculate effective time at temperature for 
cooling. By reversing the actual process here and applying their 
equation to heating up : 
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Tc = 
Em = 
K = 
Ti = 
e = 
Tr = 
= 
effective time at 
Activation energy 
T .2 yK 1 
8Em 
temperature 
for chromium 
Boltzmann's constant = 1.380 
Initial temperature = l025°K 
Ti-Tr 
Cooling rate = 
.t 
Final temperature = 298°K 
y = 
Hence 4.2 becomes 
T 
c 
= 
t Tr Ti K 
(Ti-Tr)Em 
0 
diffusion in austenite* 
X 10-23 J/OK 
for reverse 
= 
Tr 
Ti 
process of 
down 
4.2 
cooling 
4.2a 
*Em is given here in cal/mole/ K as taken from Cl.isley and Faulkner's 
(1976) work. It is necessary to convert this 0 to J/ K, the units of 
K. 
Em 54,600 l 0 = X 1023 J/ K 4.18 6.02217 X 
where N, Avogadro 1 s. No·. = 6.02217 X 1023 
Evaluating 4.2a = 33 sec. 
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Thus all ageing times in Chapter 5 have had this correction made to 
them. Thus a specimen aged for 2 min was actually aged in lm 27 sec 
after reaching the ageing temperature having effectively been at 
temperature for 33 sec during heating up. 
4.1.4 Grain size measurements 
Section 1.2 mentioned that the grain size of the alloy had a significant 
effect on mechanical properties and that the grain size was partly 
determined by solution treatment temperature and time. This alloy 
is obviously of constant composition and has had a consistent amount 
of cold work performed on it. A program of solution treatments 
ranging from 15 min to 2 hrs at 1427°K was carried out. Specimens 
from this were prepared for examination on the Zeiss Ultraphot microscope. 
Photographs were taken at x50 to incorporate as many grains as possible 
and magnified a further x4 in printing. Fig. 4.4 is an optical micro-
graph of a specimen heat treated for 15 min at 1427°K taken at x200 
with no magnification in printing and is representative of this work. 
Grain size was measured by the linear intercept method. This involves 
drawing two mutually orthogonal axes on the micrographs 30 cm long. 
These lines are marked where the grain boundaries intercept them. 
From the intercept width grain size must be estimated. A Hewlett 
Packard desk calculator was used for the statistical analysis on the 
data using pre-recorded programs. The means and standard deviations 
for each solution treatment time at 1427°K were calculated using 
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equations 4.4 and 4,5 given below 
Jl 
where Xi = 
N = 
= mean value = 
Xi 
N 
. th f 1 measurement o grain width 
total number of measurements 
i=n 
and standard deviation = (~i=l(Xi- JI)2/N-l)! 
The results of this work are presented in Section 5,1,3. 
4.1.5 Optical specimen preparation 
4.4 
4.5 
Alloy 800 is an austenitic relatively high nickel alloy (see Chapter 1), 
,_ "'-····' 
A standard etch for this type of alloy was therefore used, This was 
an electrolytic etch using 10% (volume%) oxalic acid .electrolyte_ 
passing 9.5V open circuit. The etch usually required c.l7 sec, 
4.1,6. Electron microscope specimen preparation 
Three methods of preparation were used, one manual, the others using 
automatic machines. All used heat trea1Bd discs punched out of the 
as received strip. The punching is carried out before solution 
treatment; the mechanical deformation caused by punching is annealed 
out by the solution treatment. Alternatively specimen discs may be 
spark machined from the strip, This does not cause much deformation 
but is time consuming compared to punching. The latter only has 
- 67 -
significant effepts around the periphery of the specimen which, due 
to the nature of a transmission electron microscope specimen, is not 
examined. 
After punching and heat treatment the specimens are rubbed down 
mechanically on carborundum paper of increasingly finer grit (down 
to the 600 grit). By the time this is completed ther.are 6. J1l1l ± 1 J1l1l 
thick this being checked on a micrometer. They are then ultrasonically 
cleaned in methanol. They are now ready for electro-thinning. 
The manual method of electro-thinning 
This involves the formation of a 'dish' or bowl in the specimen by 
jetting electrolyte followed by uniform thinning in a more conventional 
bath. The latter is followed to perforation of the specimen which is 
viewed using a telescope-collimating light source, the process being 
stopped immediately perforation is spotted. The whole process is 
two-stage; jetting and performation being carried out separately. 
The thinned specimens are then washed gently in AR methanol and dried 
on filter paper. 
listed below: 
Dishing conditions 
Electrolyte 
Voltage 
Current 
The conditions used in thinning and jetting are 
20% Hn03 (fuming), 80% methanol (vol%) 
90v open circuit 
c.50 mA 
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Specimen distance from 
jet outlet 
Jet diameter 1.5 mm 
c 1 cm (determines micro-current) 
Operating temperature room temperature 
Thinning conditions 
Electrolyte 10% perchloric acid*, 90% methanol 
Voltage lOv loaded circuit 
Current c.l50 mA 
Operating temperature 0 
-5 C (using dry ice/acetone cooling bath) 
* It is worth noting that any perchloric acid solutions must be mixed 
under controlled conditions. The apparatus must be cleaned (if glass 
is used wash with concentrated nitric acid followed by a methanol rinse). 
The mixing temperature must be kept below 20°C hence the solutions are 
surrounded by an ice bath, This ensures safe mixing and an electrolyte 
in optimum condition. 
This method of specimen preparation was used only very early on in the 
work. Most of the specimens actually used in the work were produced 
automatically. 
Preparation using the Metalthin automatic polisher 
Many different electrolytes and machine conditions were tried (unlike 
for the Struerstenupol described below). A list of these is given in 
Table 4.1. Any techniques successful are marked but on the whole this 
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machine was not very successful. A brief description of the machine 
is given below. It can be directly related to schematic drawing of 
the Struers tenupol (Fig. 4.8) since the basic operation of the two 
is similar. 
The specimen is contained in a screw-in P.T.F.E. holder. This is 
then inserted into the bath chamber with specimen positioned between 
two small jets through which electrolyte is pumped by an electric 
motor. A light source is focussed on one side of the specimen. 
On the other a photo-cell detector is placed to pick up any performations. 
On detection a trip switch finishes the process, the holder is removed 
and the specimen washed and dried as for the manual technique. Dishing 
and polishing take place simultaneously, the bath chamber filling with 
electrolyte within seconds of switching on. 
The preparation conditions are determined by setting the voltage, pump 
speed and temperature of the electrolyte. Apart from changing the 
electrolyte or altering its concentration there are no other variables. 
The polishing current is displayed on an ammeter built into the 
instrument. However, it was found preferable to use a digital 
multimeter in the circuit to measure polishing current. The latter 
can fluctuate during preparation despite a constant voltage setting. 
The micro-current is more important than the right voltage once the 
right voltage range is found (see Jaquet curve in Fig. 4.9). A 
multimeter detects these fluctuations much better and by adjusting 
the voltage during preparation the fluctuation in current can be 
minimised. Specimens prepared by this method are more consistent in 
their quality once optimum conditions have been found. 
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Table 4.1 lists fully the various electrolytes and conditions used, 
Fig. 4.9 explains the action of voltage and current on preparation 
• 
schematically. (Actual Jaquet curves are not plotted since the 
•plateau' area in Fig. 4.9 is detectable from examination of specimens 
on an optical bench microscope.) If the voltage/current is too high 
pitting of the specimens occurs, if too low etching will occur. In 
between is a range of varying degrees of polish (the plateau area). 
Only one set of conditions (±small deviations of c5mA) will give a 
' completely etch/pit free polish. 
After considering the polish, the thinness of the material surrounding 
the perforation must be considered. This must be as thin as possible 
for electron transparency. Large perforations indicate that conditions 
are too strong and the thin area has been eaten away straight after 
perforation before the circuit is switched off. If the perforation 
is not central in the dish of the specimen then due to the dish's 
nature (see Fig. 4.9A) very little transparent area is likely. As 
Table 4.1 shows preparation using this machine was not very successful. 
A second automatic thinning machine, the Struers tenupol was tried and 
was successful. It was used for all the preparation of examined 
specimens in this project and is described after dealing with the 
faults of the metalthin. 
i) The screw-in holder damages the platinum anode, contact 
conditions between anode and specimen vary from specimen to 
specimen depending on the state of the anode and the 
tightness with which the P.T.F.E. holder is screwE!.d. in 
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(the t.ighter the more damage is likely to the anode). 
A snap fit holder, as used in the tenupol works 
easier and better. 
ii) Off centre, large perforations were frequently found 
even with 'a good polish on the specimen (i.e. current/ 
voltage conditions about right). They were often 
also found~t,the very edges of the dished area. 
' 
This could be due to two things. Firstly the 
dimensions of the orifice in the holder are causing 
turbulent flow and misalignment of the jets. 
Secondly severe differential aeration may occur 
where the specimen is held by the screw-in contact 
helping the formation of secondary cells around the 
periphery of the dish and causing peripheral perforations. 
iii) The fit of all parts of the metalthin was relatively loose 
(i.e. poor) compared to the tenupol. This will not aid 
jet accuracy. 
iv) Onresteady state conditions in the polishing have been 
achieved the larger volume of electrolyte used in the 
tenupol is less vulnerable to fluctuations of polishing 
conditions than the smaller volumes used in the metalthin. 
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Preparation using the Struers Tenupol Automatic Polisher 
This machine is shoWn'Schematically in Fig. 4.8 and is similar to the 
metalthin. Current and pump operate from the same power supply. 
There is a separate unit for the photo-cell/detector system. Standard 
preparation technique was used excepting incorporation of a digital 
multimeter into the power circuit to monitor polishing current. 
Conditions were quickly found that produced good quality specimens. 
These are noted below and were used throughout the work. 
Polishing conditions: 
Electrolyte 
Pump speed 
5% perchloric acid, 95% glacial acetic acid (vol%) 
2.5 
Operating voltage 
Operating current 
c.75 v 
115 mA 
The specimen is loaded and maximum sensitivity is obtained for the 
photo cell/detector Circuit setting it at a level that it just fails 
to trip for the unperforated specimen. The pump is switched on and 
once steady flow is obtained the polishing current is engaged and actual 
preparation commenced. The voltage is adjusted to keep the polishing 
current to 115 mA (±5'mA) continually (as opposed to a set open circuit 
voltage). When the detector circuit trips the specimen is removed, 
washed and dried as before. Before storage an optical microscope may 
be used to check that specimens are of a regular quality. Twenty 
specimens per ageing treatment were prepared. This was thought to 
provide enough visible boundary area for measurements of the precipitate 
numbers required. 
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4.2 Electron Microscopes 
This section deals with the types of microscope used and reasons for 
using them. All were used in the (T.E.M.) transmission mode. 
The first microscope used was the AEI High Voltage electron microscope 
for in situ ageing experiments. The microscope was used for its high 
vacuum and heating stage. The former would prevent specimen oxidation 
at ageing temperatures, the latter would enable the specimen to be 
heated electrically. However any voltage over lOO Kv caused irradiation 
damage as can be seen in Fig. 4.10. Void formation on the grain 
boundaries being marked V (N.B. it is the combination of high voltage 
and temperature causing the damage. At room temperature the material 
is stable to 200 Kv+). The lOO Kv unit not being available on the 
HVM, this work was switched to the JEOL 200. However, here the vacuum 
was not high enough and oxidation occurred as can be seen in Fig. 4.11. 
The major part of this thesis concerns investigation of furnace aged 
s pecime.ns. The Phillips 300, 400, Siemens 8102 and JEOL lOOCX were 
used for this purpose. 
4.3 Electron Microscopy - Photography 
All micrographs and developing of film were performed by the operator. 
For printing a Varicom enlarger and Kodak Veribromide F2 papers were 
used. Kodak univer~:-.-.1 developer and Kodafix solutions were used for 
developing and fixing. A water rinse between developing and fixing 
- 74 -
was used. Differential developing on some prints was used to minimise 
the effects of variable boundary contrast. After fixing the prints 
were washed and dried and then sectioned to remove irrelevant matrix 
areas. As will be seen in Section 4.4 measurements were made direct 
from the negatives using a travelling microscope. 
was used for illustrative purposes only. 
This means printing 
4.4 Electron Microscopy - Measurement Technique 
Assuming precipitate morphology to be symmetrical upon the boundary 
plane a simple method is available for precipitate measurement, Results 
of checks on this assumption are presented later in Section 4.6. The 
method used is to tilt the boundary until its plane is parallel to the 
electron beam and a profile of the precipitate is obtained. The length 
of the profile will represent the true length of the precipitate. This 
technique was used for every measurement, sections of each grain boundary 
being photographed consecutively. The diffraction patterns were checked 
for each boundary section photographed (i.e. to confirm that the precipi-
tates are M23c6). A sample pattern is presented and analysed in Chapter 
5. All bright field work for measurements was performed at x20 K to 
get as many precipitates per photograph as possible, Dark field work 
would have seemed more advantageous to use; there being less aberration 
and no strain contrast,,precipitate images would be clearer. However, 
there seemed to be little difference in clarity for good specimens and 
bright field work is much quicker. Hence the latter is used. 
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As mentioned above measurement was made direct from the negatives using 
the negative on a light table viewed by a travelling microscope. This 
takes longer but gives a clearer view of the negative and eliminates 
print shrinkage error. 
A thousand precipitate measurements were made for each mean and standard 
deviation calculation, the results of which are in Tables 5.5 - 5.9. 
One hundred precipitates were used to estimate the aspect ratio of the 
precipitates (as a whole to test the Caisley/Faulkner (1976) assumption 
see Section 2.2.1) by measuring their width using the travelling 
microscope. This result is also presented in Chapter 5. 
4.5 Statistical Analysis of the Precipitate Measurements 
Each precipitate grows at a different rate, even along the same grain 
• 
boundary, due to different kinetic factors involved with each site. 
Of course, at the same time precipitates growing on the same grain 
boundary will have more in common with one another (i.e. grain boundary 
structure obviously will affect precipitate growth and morphology but 
there are other factors connected with each precipitate site that means 
no straightforward relationship will exist between grain boundary type 
and precipitation kinetics, as was found by Hancock (1971)). 
Development of mean and average models has been followed as laid out in 
Chapters 2 and 3 to simplify grain boundary and nucleation site effects. 
These have their effect in the volume free energy, interfacial and grain 
boundary energies (also strain energy if considered). Murr's (1975) 
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bulk values have been taken for these. Because an average or bulk 
theory has been used experimental technique must account for this. 
Hence for each reading in Tables 5.5 - 5.9, one thousand precipitates 
have been measured on various boundaries picked at random. A statis-
tical analysis has to be performed on these measurements to obtain the 
final reading. This involved using a computer programme to calculate 
the mean (M) and the standard deviation (cr) using Equations 4.6 and 4.7 
which are standard c,tiltistical formulae. 
where Li = 
N = 
and 
cr = 
M = 
ith size measurement 
i=N 
( l: L. )/N 
i=l1 
number of data points 
4.6 
4.7 
The results of this analysis were plotted against time logarithmically 
and linearly to estimate the index of time involved in the 
empirical relationship of ageing time and precipitate size, and 
incubation time respectively. The results of this are discussed in 
Section 5.2. 
Referring to Figs. 6,4- 6.19 it is obvious that for the logarithmic 
graphs a straight line relationship could be found. A linear regression 
analysis was performed on the empirical results to estimate: 
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i) the slope of the line 
ii) the intercept on the size axis 
iii) extrapolated times to reach sizes of 10 and 20 nm respectively 
The analysis is standard and the equations are given below. If the 
logarithmic relationship is of the form: 
L = mt + c 4.8 
where L = precipitate size (i.e. half length) 
m = slope of the line 
t = ageing time 
c = intercept on size axis 
m = 
i=N (.l:Lil:ti/N - .l:JI.iti 4.9 
-
and c = L - mt 
- :!:Li .l:ti 
where L = N and t = N 
.l:Li m Hi 4.10 hence c = N N 
and L = mt + c 
can be used to evaluate t(20)nm and t(lOnm). Taking antilogarithms 
this gives: 
L = as the empirical relationship 
involved. 
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Before discussing errors one point should be noted. All theoretical 
models use the half length excepting the triangular square based model. 
In all cases the full length has been measured and halved. Thus L 
above is the precipitate half length, Furthermore since the theoretical 
models dealt in terms of half lengths (unlike Caisley and Faulkner (1976) 
who used the half thickness, s of the precipitate) L(lOnm) was used 
excepting the case of the triangular square based models which used 
L(20nm). 
4.6 Estimation of the Errors Involved in the Experimental Technique 
The errors considered in this section are of two types. The first 
class are those due to the assumption of basal shape when measuring 
the precipitate length dimension; viewing precipitates with the electron 
beam parallel to the grain boundary plane in which the precipitates lie. 
It will be remembered from Section 4.4 that all precipitates were 
assumed to have a circular base. Hence, whatever the orientation of 
the precipitate to the beam (i.e. viewing direction) when measuring, 
the actual length dimension will be measured. Taking Fig. 4,12 as an 
example of the comparison of length dimension in the 'beam parallel' 
condition with the 'perpendicular' condition it can be seen that the 
assumption of precipitate shape is not an accurate one.'· 
The 'perpendicular condition' involves tilting the specimen as near to 
0 90 from the parallel condition with axis of tilt in the grain boundary 
plane. In this condition the plan view is seen and hence also true 
basal shape. 
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Three boundaries were found fit enough for use in estimation of this 
error. They had to fulfil three conditions 
i) clear images of both the parallel and perpendicular conditions 
ii) 
iii) 
are required. These will be at high angles of tilt which 
increase effective specimen thickness and reduce electron 
transparency, thus clear images will be hard to obtain. 
+ 0 The microscope only had - 50 tilt, to obtain both parallel 
and perpendicular conditions for the same section of 
boundary, both conditions must be at a relatively high 
angle of tilt or else one of them will be unobtainable. 
One of the tilt axes must lie in the boundary plane 
allowing the boundary to be tilted about itself. 
This simplifies analysis and also the attainment 
of the two conditions parallel and perpendicular. 
(In practice one of the tilt axes lies parallel to 
the grain boundary in the parallel condition since 
the boundary has been selected to fulfil this condition.) 
The three conditions above mean that the vast majority of grain boundaries 
must be rejected for the purpose of error estimation. In those cases 
used the perpendicular condition was not always obtainable and hence 
the technique used was to get as close to the condition as possible and 
estimate the additional possible error due to this failing. 
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4.6.1 Estimation of error due to assumption of basal shape alone 
There are two methods of doing this. The first is to take a plan 
view of the precipitates as shown in Fig. 4.12 and from this estimate 
an empirical basal shape using the most generally observed shape. 
Taking all three boundaries examined the basal shape was found to be 
i) not circular but more elliptical, ii) irregular rather than 
the smooth contour of a circle or ellipse. The second observation 
was found to cause little error when an elliptical outline was used, 
but the first observation is quite significant. 
Overall, precipitate basal shape was best approximated to an elliptical 
shape with major to minor ratio of 1.7 : 1. This meant that precipitate 
orientation with respect to the electron beam (when viewed with the 
latter parallel to boundary plane) will have a large effect on the 
error involved in length measurement. This can be seen in Fig. 4.13; 
a schematic plan view of precipitate measurement. Fig. 4.13a shows 
two precipitates at different orientations to the beam and how the 
measured length L compares to the real length L. Fig. 4.13b shows 
the situation for a precipitate whose major axis is randomly orientated 
at an angle a to the beam (which is effectively the viewing direction). 
From this: 
L = L case+ L/1.7 sin a 
(Note Lis the length of the major axis.) 
The error due to this is 
= 
= 
L - L x 100 
L 
(1 - (cosa + 111.7 sina)) x lOO 
There are two obvious extreme values for E if a isO g = 0 and if 
a = 90, ~ = 1/1.7 x 100. Precipitates will be randomly orientated to 
the beam taking the evidence of the three boundaries analysed. Thus 
a mean value of the two extreme cases seems reasonable to take 
E:. mean = 20.5% 
The second method to use is to measure the same group of precipitates 
in the two conditions and estimate the error from the difference of 
the mean values of measurements in the perpendicular and parallel 
conditions, (Fig·~~' 4.12). This has been done for the three boundaries 
considered here and the results are presented in Table 4.2. £ here 
is termed gE to distinguish it from the value produced by the comparison 
of elliptical and circular shapes. It should be noted that during tilting 
the same section of boundary is kept in view and hence the same group of 
precipitates are measured. It can be seen from Table 4.3 that EE for 
all three boundaries is (g. This indicates that the precipitate 
orientation to the beam (a) 0 is overall less than 45 and under the 
circumstances it is felt better to take the larger value of~ for error. 
This technique requires a lot more development and as such it is better 
to overestimate error. 
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4.6.2 Limitations of the error estimation technique 
It has already been pointed out that the perpendicular condition was 
not fully obtainable due to the limitations of the microscope. Before 
analysing this an additional error must be incorporated. The 'parallel' 
condition has to be estimated by eye (i.e. by the operator). This 
+ . 
condition usually appears to exist over a range termed - o8 rather 
than at a . distinct point of tilt. This means that if a boundary can 
be tilted to within an angle ~0 of the perpendicular condition the real 
angle to the perpendicular is a possible ~ + a8. 
As the specimen is tilted to the perpendicular condition the plan view 
of the precipitate is increasingly shown. Fig. 4.14 shows this 
schematically. Since the tilt axis is in the boundary plane the 
analysis can be simplified as shown by Fig. 4.14 and the angle~ has 
a similar effect to 8 the orientation of the precipitate to the beam 
in the parallel condition. 
From this 
L = L cos(~+ o 8) 4.11 
where ~ + o 8 is the angle from the perpendicular condition ( ~ + o 8 = ~). 
Equation 4.11 can be used to estimate the additional error, E, due to 
failure to obtain the exact perpendicular condition. 
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-E = L- L = 1 -(cos('!'+ o 9)) 
L 
expanding 
E = 1 cos '¥cos b 9 + sin'!' sin~9 l!-.1\q 
coso a = 1 - + 
sin 0 9 = + 
substituting for cos 0 9 and sin 0 9 in 4.\\~ 
(o a~ 9 2 terms > 0 9 are neglected) 
--- = L 
E = 1 + !<o 92 cos9 + 2o9 sin9-2cos9) 4,12 L- L 
From 4.12, E can be calculated for the three boundaries considered and 
is given in Table 4,3. 
Thus the total error can now be estimated using 
E total 4.13 
The total error is also given in Table 4.3 for the three boundaries 
considered. 
shape, 
Etotal can also be evaluated by 4.13 for the elliptical 
E 
total = E + s 4,14 
- 84 -
From these a maximum error of about 23% is obtained. Using 4.13 
this value is smaller but as mentioned earlier the maximum value is 
more realistic for this work using 4.14. 
Thus this analysis has shown that the total error is slightly smaller 
than previously observed (Caisley and Faulkner (1976) gave a value of 
30%). Using the same measur·ement technique with a more detailed error 
analysis could reduce this value (EE < E). However, the work is best 
performed on a microscope with greater penetrating ~ower (e.g. high 
voltage microscope) and as high a tilt facility as possible. More 
detailed, higher magnification work is also required to reduce this 
value. 
For this work an error of 23% in measurement has been taken when 
considering comparison of experimental results. This may seem 
high but as will be seen in Chapter 5, the statistical fluctuation 
in results is much higher and will to some extent absorb this. 
4.7 The Interparticle Spacing of the Precipitates 
Caisley and Faulkner (1976) used the interparticle spacing to define 
the extent of the collector plate area for their Av model. 
c 
The plan 
view (perpendicular condition) was used to check the value for the 
three boundaries used in the analysis in Section 4.6. Measuring 
spacing in two mutually orthogonal directions (along and across the 
boundary) and taking an overall mean value the collector plate area was 
-16 2 
estimated at 1.6 x 10 m . This value is similar to 2.25 x lo-16m2 , 
the value used by Caisley and Faulkner and thus their value is a reasonable 
value to apply in general to this alloy. 
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CHAPTER 5 Experimental Results 
5. INTRODUCTION 
Only the experimental results themselves are discussed, comparison 
with theory is made in Chapter 6. 
four sections. 
The work can be divided into 
i) Qualitative work, diffraction analysis, precipitate morphology 
determination and the results of grain size checks. 
·.ii) 
iii) 
The measurement of precipitate si.efor given ageing treatments. 
Further observations of precipitate shape made from ii) and 
production of precipitate shape distributions. 
iv) Production of experimental isothermal precipitation curves. 
5.1 Qualitative Work 
In situ ageing was dealt with in Section 4.2 since it was unsuccessful. 
Bulk aged specimens were then examined on the Phillips 400 and Siemens 
Sl02 in the transmission mode. The heat treatment program is given 
in Table 5.1. The interest in this work lies in the result for 873°K. 
About one hundred and fifty specimens were examined at ageing times from 
15 min to 6 hrs. 
aged for 15 min. 
Only one case of precipitation was found in a specimen 
Fig. 5.1 shows an electron micrograph of this with 
precipitates marked P and the matrix grains Gl and G2. 
was taken in bright field illumination at 17.3 K. 
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The micrograph 
5.1.1 Diffraction analysis 
Fig. 5.2 shows a selected area diffraction pattern (S.A.D.P.) taken 
from an area over the boundary (i.e. including P). Fig. 5.3 shows 
a similar SADP taken over a similar area but showing up the smaller 
spot pattern much better. 
from grain Gl. 
Fig. 5.4 shows a pattern (SADP) taken 
Fig. 5.5 shows a tracing that has been indexed by standard procedure 
laid out below. It is a tracing of Fig. 5.2, Table 5.2 shows the 
measurements made and their analysis. For convenience the indexed 
spots in Fig. 5.5 are referred to in Table 5;2 by symbols to show 
here how the analysis was completed. The symbol ~ in the fourth 
column of Table 5.2 is the minimum distance of the measured spot 
spacings (Cl-+ C2, Xl -+X2). 
centred cubic lattice: 
From the crystallography of a face 
= 5.1 
where d(hkl) is the interplanar spacing for planes of miller indices 
(hkl) and a is the lattice parameter. 
5.2 
where r is the measured distance from the central transmitted spot to 
the spot representing the reflection of the (hkl) planes (e.g. r = ~(Cl-+C2). 
In practice a spot pair spacing (e.g. Cl, C2) is measured and halved to 
overcome the difficulty of finding the centre of the transmitted spot. 
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From 5.1 and 5.2 
2 
a r 5.3 
AnQn~ysis of the structure factor equation for face centred cubic 
materials shows the Miller indices of allowed reflections must be all 
odd or all even (Barrett and Masalski). 
V 
Taking the ratio (m;m) 2 in the fourth column of Table 5.2, the conditions 
for the solution of the structure factor equation may be made to fit 5.3 
for all spots in the pattern and at the same time eliminate the constant 
of proportionality present. Hence the numbers in the final value 
2 2 2 2 
column of Table 5.2 represent r values that are equal to the h +k +1 
value of the plane producing the spot. Applying this to the first 
column of Table 5.2 shows that the planes in this column fulfil the 
condition of Equation 5.3. 
Having worked out the planes and indexed the pattern as shown in Fig. 5.5 
the pattern may be checked against standard patterns (Eddington). This 
shows that the(ABC)i pattern of Table 5.2 is of the (233> zone axis type 
and the (X¥Z)i pattern is of the (011> type. The spot indexing may be 
checked by the triangle of vectors applied to the spots and also by 
angular measurements between the spots (see Fig. 5.5). 
Applying the triangle of vectors: 
and 
{311} + {022} . {33l} 
illl} + . (tll} . {200} 
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The zone axis may be checked by the vector product of any two spots 
which will give a mutually perpendicular direction to each of them. 
-tJ_11 } X { 002 } <220) (this reduces to <110)) 
and {311} X {022} <233) 
Thus the patterns have been identified and checked. Fig. 5.4 represents 
the pattern for grain Gl and is the <110) pattern of Fig. 5.2. Hence 
the <110) pattern is of the Gl matrix and the <233)',is of the G2 matrix 
(see Fig. 5.1). 
From Bragg's Law: 
= ),L = 
2 2 2 ! 
r a/(h + k + 1 ) 
Where A = wavelength of the electron beam 
L = distance of the specimen to the microscope screen 
= the camera constant of the microscope and may be 
taken as 3.70997 mm.nm for this work. 
Using 5.4 and a· f3ll} spot: 
a = 
3.70997(11)! 
34 = 0.3619 nm 
Hence the matrix may be considered austenitic (ay = 0.3599 nm, 
Caisley and Faulkner 1976). 
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5.4 
It is clearer in Fig. 5.3 that a third pattern is present represented 
by the spots Ml, M2 in Fig. 5.2 and Table 5.2. They lie in the <220) 
directions of the matrix pattern for the <233) grain G2, and have a 
spacing of 7.5 mm as opposed to 21 mm for the {220}spots of the <233) 
matrix pattern. The lattice parameter of the phase represented by 
these spots may be given by 
21 
7.5 X 0.3619 = 1.013 nm 
This identifies the phase as M23c6 whose lattice parameter is c.l.0632 nm 
(Hancock 1971). The M23c6 has a <233) zone axis and hence the precipitates 
have nucleated in grain G2 and also grown into that grain. This has 
been observed before (Hancock 1971) but is not the usual case (Hancock 
1971). 
5.1.2 Assessment of profile shape and angles of the precipitates 
Figs. 5.6 - 5.8 show some high magnification work on precipitate shape. 
Typical profiles have been marked: 
t triangular shaped 
c cap shaped 
f facet shaped 
Fig. 5.9 shows tracings of precipitates selected from the micrographs 
used to estimate values of ~ , '!' and 9 for use in theoretical work. The 
results of these estimations are given in Table 5.3 and are taken from 
the measurements of 50 precipitates for each angle. 
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The profiles considered are all geometric and have been noticed by 
other workers (Lewis and Hattersley 1965, Beckitt and Clarke 1967, 
Singhal and Martin 1967, Hancock 1971), Figs. 5.10- 5.12 show how 
this work was used to synthesise an idealised theoretical morphology, 
This high magnification work (at SOK x 2 in printing) shows up the 
profiles much better and has been applied to low magnification work 
used in precipitate length measurements. It must be remembered that 
the latter were conducted using a travelling microscope for measurement 
and morphologies were clear than is indicated by Figs, 5.14- 5.22, 
the travelling microscope itself magnified the negatives by x6, 
5.1.3 Estimation of grain size produced by solution treatment 
The technique and reason for this work has been described already in 
Section 4.1.4. The results of the work are given in Table 5.4 and 
Fig. 5.13. The former reveals a bi-modal distribution, there being 
a ratio of about~.5:1 smaller grain sizes to larger for the experimentally 
important solution treatment of 15 min at 1423°K, 
Table 5.4 shows that the smaller grain size is roughly constant over 
the solution treatment time whereas the larger grains increase in size 
with time. Using a least squares analysis on a Hewlett Packard desk 
calculator a relationship between grain size and treatment time was 
produced, This is given below with a correlation factor (r). For 
this analysis the data point for I! hrs was rejected since r, as can 
be seen from equation 5.6, was too low. The four point relationship 
(5,5) has an acceptable value of r and the coefficients are not dissimilar 
to those of 5.6. This analysis was conducted on the data for the 
- 91 -
larger grain sizes only. 
2nd order polynomials 
D = 21.69 + 0.0073t + ot
2(r = 0.97 for 4 pts) 5.5 
D = 25.3 
2 
+ 0.0043t + Ot (r = 0.72 for 5 pts) 5.6 
1st order polynomials 
D = 28.69 + 0.19t (r = 0.75 for 4 pts) 5.7 
D = 28.8 + 0.0017t (r = 0.72 for 5 pts) 5.8 
It is clear 5.5 is the only acceptable solution. The ASME code case 
1325-7 (Sanderson 1977) states that a grain size of > 65 pm is required 
for this alloy. A rough estimation for the 15 min treatment which 
was used to produce precipitation results give grain size as 66.5 pm 
with a standard deviation of 16 pm which is considered acceptable for 
this work. 
5.2 Grain Boundary Precipitate size data as a function of 
ageing time and temperature 
5.2.1 Size measurements as a function of ageing time and 
temperature 
The JEOL lOO CX was used in the transmission made to obtain these results 
as described in Sections 4.4 and 4.5 using Equations 4.6 and 4.7 the 
means and standard deviations of precipitate size were calculated for 
each ageing temperature/time combination. These were performed on 
data from all morphologies (overall results), cap morphologies, facetted 
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morpholgies and triangular morphologies (see Figs. 5.9 - 5.12). The 
results are presented in Tables 5.5 - 5.9. 
The experimental error involved is estimated at 23% (see Section 4.6) 
lower than for previous work (Caisley and Faulkner 1976) but still 
high. However, large statistical fluctuations in results are present 
(see a in Tables 5.5- 5.9). The standard deviation (a) is often 
greater than precipitate size measurement and sometimes by more than 
a factor of xl. In other cases it is about SO% of the mean value. 
0 There are two oddities in the results, one at 1025 K (4 min ageing 
treatment, Table 5.7) where a decrease in mean size was noted for 
increasing ageing time. The second is a trapping of 20 data readings 
in the analysis programs. These readings were larger than 4cr away, 
from their respective mean value and were eliminated due to traps for 
faulty data input although this was not the case. Of course they are 
a negligible quantity (20 from 30,000 readings). 
These two exceptions mentioned above coupled with the odd case of 
precipitation at 873°K.(Section 5.1) and the large values of a 
indicating a large statistical fluctuation in results, point to a 
far more complex process of precipitation than can be precisely 
described by the experimental or theoretical analyses presented here. 
The accuracy of the approach used will become clearer in Chapter 6 
when comparisons with theory are made. To be precise individual 
precipitates on individual boundaries must be considered. 
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Looking at the electron micrographs of specimens aged for the size 
measurements (Figs. 5.14- 5.24) show a variety of size distributions 
along the same boundaries (i.e. in the same micrograph and also a 
variation from boundary to boundary. Figs. 5.14 - 5.20 show how 
precipitate size alters from 32 min of ageing to 1 min at 1025°K. 
The series of Figs. 5.21 - 5.24 (incorporating Fig. 5.15) show the 
effects of ageing temperature all specimens being aged for a period 
of 16 - 20 min at their respective temperatures. 
All the figures were chosen to show: 
i) The effects of ageing time and temperature 
ii) The variety of size distributions on the same grain 
boundaries and the variation of size from boundary 
to boundary . 
. iii) The various morphologies observed (see Section 5.3.1 
later). 
The results of Tables 5.5 - 5.9 were plotted logarithmically and linearly. 
Linear regression in analysis was performed on the logarithmic data, the 
results of which are presented in Table 5.1·1. The slope of the calcul-
ated straight line relationship, size axis intercept and isothermal 
precipitation times for sizes 10 and 20 nm are presented in Table 5.10. 
The logarithmic relationship may be written: 
Log10(precipitate size, L) 
where m is the slope of the line 
and C is the size axis intercept. 
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m log10(ageing time t) + C 
C has no physical significance. The intercept arose since it is a 
standard method to use the least accurate variable for the ordinate 
axis and the precise variable (ageing time) for the abscissa C is 
needed only for the graphical construction. 
The experimental relationship found is: 
s = k t 116 • 6 ... k t! 5.10 
where k is a constant related to C in 5.9, a mean value is 
s = 5.11 
The logarithmic plots can be seen in Fig. 6.3 - 6.18 where they have 
been used for comparison with theory. 
To estimate incubation times linear plots were needed as shown in 
Figs. 5.25 - 5.26. A, least squares fit produced the relationship: 
s = 5.12 
where A = 0.01 
B = 0.34 - 0.40 (cf 5.11) 
A correlation coefficient of 0.95 - 0.98 was obtained but it is obvious 
from .5.12 that no substantial time axis intercept could be produced. 
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5.2.2 Size distribution 
In nearly all cases a normal distribution was obtained as shown by 
0 
Fig. 5.27 for results of 7 minutes ageing at 1025 K. A second 
histogram is presented (Fig. 5.28) for an ageing time of 161 minutes 
0 
at 1077 K. In the latter case and also at 120 and 320 minutes at 
1124°K a dual distribution of precipitate sizes was observed hence 
Fig. 5.28. In Fig,; 5. 28 there is a size distribution over the 
200 - 400 nm size range and also over the 20 - 60 nm size range. 
This can be due to coarsening or the presence of other phases. In 
Section 1.3 the results of other workers (Sanderson 1977, Weiss and 
Stickle:r 1972, Lei tmaker and Bentley 1977) on M23c6 precipitation in 
austenitic matrices were noted. Electron diffraction checks showed 
no other phase present apart from M23c6 . Others have used x-ray 
analysis (Weiss and Stickler 1972, Leitmaker and Bentley) to detect 
M
7
C3 and M6C phases in austenitic alloys of this type. 
Sanderson 
(1977) does not indicate how he detected M7c3 and he mentions much 
larger 'plates' of M23c6 in his alloy at these temperatures and 
ageing times. X-ray analysis is required to clarify this position. 
However the mere presence of a dual distribution of precipitate size 
points to a more complex growth mechanism when this occurs. Fig. 5.23a 
shows an electron micrograph of this for a treatment of 161 min at 1076°K 
(i.e. not for 20 min at 1076°K as are the other micrographs in Fig. 5.23). 
The large discrepancy in sizes is far more marked than in the other 
micrographs which represent the more normal distribution. 
- 96 -
5,3 Precipitate shape 
This section is intended to deal with i) precipitate shape distribution, 
ii) its relationship to precipitate growth and iii) how the experimentally 
observed shapes fitted the idealisations of Figs. 5.10 - 5,12. 
5,3,1 Shape distribution 
Using the idealisations of Figs. 5.10- 5.12 estimates of the percentage 
of precipitates present of each shape were made for each ageing time/ 
temperature combination. The results are given in Table 5,10, The 
cap shape accounts for about 40% of precipitates measured at all five 
temperatures particularly at lower temperatures and ageing times. 
This shape tends to be the slowest growing morphology. The triangular 
shape accounts for about 35% of precipitates and facetted only 20%. 
The latter is even less at shorter ageing times and lower temperatures. 
A portion of facetted precipitates are due to the specimen surface 
(thin foil) cutting through the precipitates on the grain boundary. 
Taking an average estimate of precipitate thickness as 60 nm and foil 
2 thickness as 1.5 x 10 nm (as it should be for most Fe(Ni/Cr alloys) 
there is a 40% chance ( 60~.5 x 102) x 100) that a precipitate will 
be facetted by specimen preparation. Thus the amount of facetted 
precipitates may be as low as 12% (adhering strictly to the three 
classes of morphology). 
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5.3.2 Effects of shape on growth 
Looking at Tables 5.1 - 5.5 it can be seen that the facetted shapes 
grew largest (i.e. fastest) and the cap shapes slowest. The triangular 
shapes grew at a rate slightly faster than the cap shapes. Taking the 
results of the regression analysis in Table 5.11, it can be seen that 
the general pattern mentioned above is much the same, Times to reach 
(10 nm) 100 R show that in most cases the cap shape takes much longer 
(4 out of 5) followed by the triangular shape and then the facetted 
shape. 
5.3.3 Observed shape and idealised shape 
It has been mentioned several times that precipitate morphology has 
been idealised into three broad classes; triangular, cap and facet 
shaped, This is for both theoretical and to a lesser extent experi-
mental convenience. Figs. 5.13 - 5.24 represent electron micrography 
on the aged specimens. Besides attempting to show the variations with 
temperature and time some (Figs. 5.13 - 5.14) have also been chosen to 
illustrate the various shapes and how they are categorised. The 
precipitates in these illustrations have been marked: 
C for the cap morphology 
F for the facetted morphology 
T for the triangular morphology (Tx fits closer to the triangular 
conical, Ty to the triangular square based morphology). 
es-
In cases where the profile fits closely to the idealisations the 
precipitates are marked x, (e.g. Cx, Tx, Fx), and where this is not 
so with ay, (Ty, Cy, Fy). Where precipitate overlap has occurred, 
the morphology would be determined by projecting the visible outlines 
to the grain boundary thus the group marked Z in Fig. 5.15 would be 
treated as cap shaped. 
It should be noted that for 'y' class precipitates that do not fit 
closely to the morphology selected here there will be some ambiguity 
in their classification. Higher magnification work might resolve 
the ambiguities and aid in producing more accurate classes of morphology 
but it also entails a loss in numbers of size measurements weakening 
the statistical analysis. With the large statistical fluctuations 
present low magnification is preferable. The high magnification work 
of Figs. 5.6- 5.9 shows that the idealised morphologies are frequently 
observed and hence the approximation involved in classification is 
acceptable. Whilst observing precipitate shape the constant aspect 
ratio·(Kl) of Caisley and Faulkner was checked, a mean value of 3.3 
was obtained for the ratio of full length to thickness, which makes 
a value of 1.6 for K1 (L = K1S where L is the half length). There 
was about a 32% variation in this value over the precipitates checked 
particularly for larger precipitates, this value is smaller and for 
smaller precipitates the K value is larger. 
1 
Even still it is 
c.2.5 less than the value used by Caisley and Faulkner (1976) and 
thus its use for the disc shaped models should be reconsidered. 
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5.4 Isothermal precipitation curves 
Using the results of the regression analysis in Table 5.11 temperature 
log10 time plots were made for all four classes of shape. The 10 nm 
value in Table 5.11 was used for morphologies using the half length 
dimension. For the square triangular curve the 20 nm values were 
taken since this model uses the full length in its theoretical derivation 
(see Sections 2.4.3 and 3.3). 
The curves are shown in Fig. 5.29. The main points to not;e are that 
the two triangular models have the most uniform curves. The cap and 
facetted curves have smaller time minima but the cap model has slowest 
growth excepting the 1076°K point. The latter point is irregular 
considering the other points on -_the curve. This is more fully discussed 
in Section 8.1. Apart from this point the cap curve follows the overall 
isothermal curve closest. Since it accounts for the majority of observea 
shapes (see Table 5.10) and the overall value is produced by weighting 
this is to be expected. 
The last point to note is the different temperatures at which the time 
minima occur. The cap's is at 1076°K, the triangular at 1025°K and 
the facetted and overall curves do not produce one. This complicates 
comparisons made in Chapter 6 with theory. Caisley and Faulkner (1976) 
only considered overall data in their work with Nimonic PE16 and 
comparisons are simplified. 
- lOO -
CHAPTER 6 Comparison of Experimental and Theoretical Results 
6. INTRODUCTION 
This chapter compares theoretical predictions based on the analysis 
in Chapters 2 and 3 and the results of experimental work in Chapter 5. 
There are three main sections: 
i) Comparison of the isothermal precipitation curves of 
the growth models. 
ii) Comparison of the ageing time - precipitate size data 
for the five temperatures of measurement. 
iii) Comparison of isothermal precipitation curves for 
nucleation and growth. 
All the morphological models are considered as are both collector 
plate models. At the end of Section One a short discussion on 
the effects of nucleation theory in the kinetics are considered. 
6.1 Comparison of theoretical and experimental isothermal 
precipitation curves for the theoretical growth only 
models 
6.1.0 Aaron and Aaronsson's growth model 
Table 6.0 gives the results for this model as described in Section 2.1.1. 
From Table 6.0 it is obvious that predictions using this model are about 
x102 greater in time than observed and this model was rejected. 
- '101 -
6.1.1 Disc shaped interfacial diffusion model 
This model has been described in Section 2.2.2 and the theoretical 
predictions are given in Table 6.1. Due to the very fast boundary 
and interfacial diffusion mechanisms (solute supply from the matrix 
to the collector plate no longer being considered a 'bottleneck') 
growth is almost instantaneous. Thus this model and application of 
an interfacial mechanism to other morphologies does not fit experimental 
data. 
6.1.2 Results of the relatively successful growth models. 
for Nimonic PE16 
This section considers the five morphological models with both collector 
plate variations. It has been decided to split the discussion into 
this section for Nimonic PE16 results and the next for Alloy 800, since 
for the former only comparison with overall data is possible. Tables 
6.1 - 6.5 present the numerical data predicted by the theoretical models. 
Fig. 6.1 shows iosthermal plots for the various models with Caisley and 
Faulknefs(l976) experimental results for comparison. Table 6.19 
reproduces the latter's experimental data for numerical comparison 
if necessary. In this discussion the theoretical models are referred 
to by their abbreviated names as given in Table 2.1. These names have 
also been used in the legends for the figures. 
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The time minimum of the experimental curve (10) in Fig. 6.1 is about 
0 
120 K below all of the theoretical curves. There are also two curves 
that clearly do not fit the experimental curve well. The first is 
the conical triangular Av model (8) that predicts isothermal precipitation 
c 
times about xlO greater than experiment. The second is for the facetted 
Av and Av models (5) where predicted isothermal precipitation times are 
C V 
so much smaller that the difference between the Av and Av models for 
C V 
this morphology is negligible. 
The remaining theoretical curves can be split into two groups; curves 
2, 7 4 and 9 correspond to the Av models for the disc, square triangular, 
V 
cap and conical triangular morphologies respectively. Curves 1, 6 and 3 
correspond to the Av models for the disc, square triangular and cap 
c 
morphologies respectively. Taking the Av group of curves (relative 
V 
to the Av group) it can be seen from Fig. 6.1 that this group fits the 
c 
experimental curve (10) much closer at lower temperatures (up to about 
Above 973°K, due to the temperature displacement of the time 
minimum the Av group of models fit the experimental curve better. 
c 
However, the fit of the Av models at higher temperature is not as 
c 
good for the Av models at lower temperatures and neither is it as 
V 
consistent indicating that the fit may be by chance. However, it 
must be noted that, neglecting the temperature displacement between 
experiment and theory, the time minima of the Av models are accurate 
c 
to within x0.25 of the experimental value. Any segregation (equilibrium 
or non-equilibrium) present will affect X., having the effect of increas-
a 
ing it and results in displacing the curve downwards w.r.t. temperature. 
- 103-
The effects of segregation are considered more fully in the.next Chapter. 
For this section it suffices to state that according to theory (Faulkner 
1981) negligible segregation of chromium in this alloy for the heat 
treatments used is likely. Faulkner(l981, private communication) 
has observed segregation in water quenched austenitic alloys although 
not of chromium. 
6.1.3 Results for Alloy 800 
Here comparisons have to be made with overall experimental measurements 
and also with measurements confined to the specific morphology under 
consideration. This complicates the comparison and hence each model 
is considered in turn. 
6.1.4 Disc shaped growth models 
These models can only be considered in the context of a comparison with 
overall results. Morphological factors have not strictly speaking been 
accounted for. Fig. 6.2 shows the graphical results taken from Tables 
6.1 and Table 5.6. As with the results for Nimonic PE16 the Av model 
V 
. 0 (2) works better at lower temperatures ((c.l033 K) and the Av model at 
c 
higher temperatures. The only difference with Nimonic PE16 results 
is that there is very little temperature displacement in the actual shape 
of the curves. Thus the Av model is quite accurate at higher temperatures 
c 
unlike in Fig. 6.1. 
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6 .1.5 Results for the cap models 
These can be seen in Table 6.2 and Fig. 6.2. Predictions for Av 
V 
and Av models using the cap morphology (particularly for the Av ) 
C V 
are not much different to the simple disc shaped growth model, Hence 
(2) represents both disc shaped and cap Av models. 
V 
little variation in curves 1 and 3 for Av models. 
c 
There is also 
Considering overall experimental results the same trends noted above 
apply. The Av model works better at lower temperatures (<l033°K) 
V 
and the Av model works better at higher temperatures. 
c 
However, the measurements of actual cap shaped precipitates must be 
considered ( 4). The trend here is for the Av model to be most accurate 
V 
over all temperatures. The only errors present for this model are 
0 i) about 80 K temperature diplacement of the theoretical time minmimum 
above that for experiment and ii) the actual minimum and the curve in 
general predicts slightly faster growth rates than actually observed, 
The same points apply to the comparison of the Av curves (1 and 3), 
c 
The second point will be seen to apply generally for all the useful 
models and it is for this reason that nucleation was incorporated in 
the later models. 
6 .1. 6 The results for the facetted models 
The curve for the facet model (6 in Fig. 6.2) represents both the Av 
c 
and Av models, 
V 
Growth is so fast for this model that their differences 
are negligible compared to the difference with experimental results. 
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Growth is an order of magnitude faster than predicted by the overall 
experimental curve. No curve is reproducible for the facetted data 
points, there being too much scatter in them. The facetted data points 
have been plotted in Fig. 6.2 and can be identified from the legend and 
although nearer to theoretical predictions than this overall curve, the 
theoretical curves still indicate much faster growth. 
6.1. 7 The triangular models with a square base 
The results for this model are represented by the curves for the disc 
shaped model in Fig. 6.2 (curves 1 and 2), The comparison with overall 
results .. is thus the same as in Section 6.1. 3. 
Due to the nature of this model the overall length had to be considered 
and the resultant curve in Fig. 5.29 (1) shows a considerable growth 
time that is much larger than depicted by either curves 1 or 3 in Fig. 6.3. 
Hence considered.as relating to a specific morphology this model is a 
failure. 
6.1.8 The triangular models with a conical base 
The results for this model can be seen in Table 6.4 and also Fig. 6.3. 
For the sake of clarity is has been presented in Fig. 6.3 in a separate 
graph from the other models. It can be seen that for both overall and 
morphological experimental curves the Av (7) model works better. For 
V 
the overall results the fit is still quite poor throughout the temperature 
range. For the triangular measurements growth for the Av model is 
V 
slightly faster if a temperature displacement of c 130°K is accounted for. 
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However, the fit for these models cannot be considered to be as good 
for the cap and facetted models where growth is concerned. 
6.1.9 Summary of Section 6.1 
For comparisons with Caisley and Faulkner's Nimonic PE16 data (1976) 
it was seen that the Av models worked better at lower temperatures 
V 
and the Av models at higher temperatures (if the temperature displace-
c 
ment between the time minima is neglected, i.e. the minimum times are 
compared). The theoretical models thus split themselves into two 
separate groups results for the Av models predicting faster growth 
V 
than the Av group. 
c 
A temperature displacement complicated comparison. 
Theoretical time minima were generally c.l20°K higher than experimentally 
observed. 
For Alloy 800 both overall and actual, specific, morphological measure-
ments were made. The results for the triangular growth models were 
poorcompared to other morphologies. The same characteristics for the 
disc shaped models could be seen as were observed for the work with 
Nimonic PE16. For the cap model the Av model fitted both overall 
V 
0 
and cap data, better at lower temperatures (below 1033 K). At higher 
temperatures the Av model fitted overall data bett.er but the Av 
C V 
model continued to fit cap data better. For the facetted models 
growth theory alone predicts much too fast a growth rate than experim-
entally observed, particularly at higher temperatures. 
6.2 Nucleation results 
These results are presented in Tables 6.6 and 6.7. Fig. 6.4 shows 
two typical nucleation curves for Nimonic PE16 and also Caisley and 
Faulkner's experimental data for comparison. Nucleation is not 
intended to explain growth alone and hence it is only outlined here 
to show how it will contribute to the growth kinetics. Fig. 6.4 shows 
its characteristics well enough. Curves are shown for the cap (l) 
and facetted (2) morphologies for Nimonic PE16. 
The cap curve shows nucleation to represent a relatively small part of 
the growth process. However, remembering what has been said in Section 
6.1.4, growth time is quite substantial and there is little need for a 
large nucleation time. However, the facetted curve (2) can be seen 
to represent nearly all of the time taken to grow and below c.973°K 
predicts a slower growth rate than observed. As will be remembered 
from Section 6.1.5 facetted growth times were very small. A large 
nucleation time is required to compensate for this and this is what 
has been noted above. Furthermore looking at Section 5.3.1 it will 
be remembered that the percentage of facetted precipitates present were 
small (see Table 5.7). Tables 5.5 - 5.9 show that facetted precipitates 
are generally the largest observed. Difficult nucleation (i.e. a high 
value of <) and easy growth fits those trends in experimental observations. 
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The triangular models can be seen in Table 6.7 to follow a similar 
pattern to the cap models, nucleation playing a minor part in the 
growth kinetics. However all models show that i) the growth kinetics 
benefit from the inclusion of nucleation theory and, ii) a more rigorous 
treatment of morphology improves analysis. 
The last point to make is that Table 6.6 shows results for a grain 
boundary diffusion nucleation model using the facetted morphology. 
All these models (see Section 3.2.1) predicted so quick a nucleation 
time as to be unusable as a separate mechanism. This can be seen 
from Table 6.6 and is roughly analogous to results in Table 6.1 for 
growth by an interfacial diffusion mechanism. 
6.3 Results of the ageing time - precipitate size plots 
The results in this section have had nucleation theory incorporated 
into the growth kinetics of the theoretical predictions. The plots 
are logarithmic, the theoretical data has been taken from Tables 6.8 -
6.11, which are the computations of precipitate size data for given 
ageing time/temperature combinations. The theoretical curves can be 
seen in Figs. 6.5 - 6.19 and involved obvious straight line relationships 
that did not require analysis. The production of experimental curves 
has already been described in Sections 4.5 and 5.2.1. The experimental 
plots can be seen in Figs. 6.5 - 6.19 (denoted curves 5 and 6). The 
figures contain a plot for the Av and Av models for the disc shaped 
C V 
model and relevant morphological model (plus nucleation theory relating 
to the latter morphology, e.g. Fig. 6.5 contains the theoretical plots 
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of disc growth plus cap nucleation and cap growth plus cap nucleation). 
The numbering code used throughout is outlined below as well as in the 
legend of the figures: 
(9) 1 disc growth + relevant morphological nucleation theory. Av c 
(10) 2 disc growth + relevant morphological nucleation theory. Av V 
(8) 3 morphological growth + relevant morphological nucleation 
theory. Av 
V 
(7) 4 morphological growth + relevant morphological nucleation 
theory. Av 
c 
5 morphological experimental data 
6 overall experimental data 
(relevant morphological theory : cap, facetted or triangular depending 
on which class is being considered in the Figure, this will be indicated 
by curves 3 and 4.) 
For the triangular models curves 1, 2, 3 and 4.are relevant to the square 
triangular models. Since the triangular conical models are included in 
the same Figure (e.g. Fig. 6.7) curves 7- 10 have also been plotted to 
represent the conical triangular class. They have been included above 
in brackets beside the type of model to which they apply. Taking 
Fig. 6.7 as representative of the numbering code for the triangular 
systems it can be seen that curves 2, 3 and 10 and curves 1, 4 and 9 
coincide. Taking first curves 2 and 3. 
models with the same nucleation theory. 
These represent the Av 
V 
The square triangular and 
disc growth theories are used by 3 and 2 respectively. A quick glance 
at Table 8.1 shows these growth models to be negligibly different and 
hence the same curve may represent them. Curve 10 is for disc shaped 
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growth and triangular conical nucleation (Av ) and is the same as 
V 
curve 2, there being negligible difference in the nucleation times 
for the two triangular models (also growth is the major factor in 
the precipitation kinetics). Thus curves 2, 3 and 10 may be treated 
as the same for these purposes and the same reasoning applies to 
curves 1, 4 and 9 for the Av models. 
c 
Before the figures a legend is given explaining each curve number that 
can also be used when viewing the results. A general treatment of 
the slopes of the experimental and theoretical lines is first considered. 
The experimental slopes are given in Table 5.11 as determined by regres-
sion analysis. The theoretical slopes may be determined from Equations 
6.1 and 6.2 given below: 
For Av models kt~ V L 6.1 = 
For Av models 
k't116 c L 6.2 = 
k and k' are constants, t, ageing time for a given temperature and L 
precipitate size, The decimal values in Table 5ll for slope may be 
compared to 0.5 for Av models and O.l6r for Av models. 
V C 
A quick 
glance at Table 5.11 shows the experimentally determined slope varies 
and at different temperatures favours different models. This means 
at 916°K neither theory is favoured (Av or Av models). At 977°K 
C V 
and also at 1025°K experimental values clearly favour the Av models, 
V 
0 
all results excepting the triangular value~ 977 K being) 0.4. 
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At 1076°K the slope values again favour neither theory and at 1124°K 
the slopes slightly favour the Av theory but do not fit closely to 
V 
these models, 
More comments will be made as each individual graph is discussed that 
will illustrate the points just made above. Due to the variation of 
experimental slope with temperature the models are divided morphologically 
and also for each temperature, 
0 
6.3,1 Results for 916 K 
a) Results for the cap models 
In Fig, 6.5 at this temperature the experimental curves (5,6) lie 
between the Av and Av models (2, 3 and 1, 4 respectively). Numerically 
V C 
the experimental curves lie closer to the Av models. 
c 
However, examining 
individual data points, two experimental values lie closer to the Av 
V 
curve. 
0 The point for 240 min at 916 K furthest along the time axis 
is particularly interesting. Firstly it is not in line with the others 
indicating the statistical fluctuations in results as mentioned in 
Section 5.2. Secondly it has been made for an ageing time where the 
difference between the Av and Av models is largest due to the time 
V C 
variation of the collector plate area for Av 
V 
It would hence be 
expected to be a clear pointer to which theory is more applicable than 
others, (witness the closeness of the two models at very short times). 
'A' represents roughly the statistical variation in results alone 
(see Section 5.2) and as can be seen from this both Av and Av models 
V C 
would be acceptable at this temperature. 
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b) Results for the facetted model 
Here the fit is even closer numerically to the Av model (see Fig, 6.6), 
c 
Again the slope comparison favours neither model and there are experi-
mental points closer to both Av and Av models. 
C V 
It should be noted 
that for this model, as well as the cap model, overall points and points 
produced from measurement of morphological shape are similar. 
c) Results of the triangular models 
Here (Fig. 6.7) unlike the previous morphologies curves 5 and 6 vary 
markedly in a numerical sense. The slopes are similar and still 
favour neither group of collector plate models. But now numerically 
the morphological curve favours the Av model whereas the overall 
V 
curve favours the Av models. 
c 
The triangular conical model (for 
growth and nucleation) behaves poorly for Av . 
c 
6.3.2 
a) 
0 Results for 977 K 
Results for the cap shape 
Here the Av models perform better in terms of slope fit and numerical 
V 
fit. Of these the morphological model (curve 3 in Fig. 6.8) performs 
slightly better and both fit the overall results better than measurements 
made for the cap morphology. 
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b) Results for the facetted shape 
Again the Av models work much better (see Fig.6.9). The only difference 
V 
from the cap results is that the disc growth model works better than the 
morphological one. As with previous sections for the cap and facetted 
models overall and morphological experimental curves are very close in 
slope and numerically. 
c) Results for the triangular models 
Here the Av models perform only slightly better (Fig. 6.10) mainly due 
V 
to the fact that the curve (5) for the morphological experimental data 
does not follow closely in slope the overall curve. Of the Av models 
V 
the conical model (growth plus nucleation) produces the closest fit, 
6.3.3 Results for l025°K 
a) The Results for the cap models 
Here the slope corresponds to the Av theory (Fig. 6.11). However, 
V 
numerically the fit is poorer than for 977°K (Fig. 6.8) but still as 
good as for the Av model whose slope fit is obviously poor. 
c 
Again 
the morphological model works slightly better. 
b) The Results for the facetted shape 
The same points for the cap model apply here. The Av models are better 
V 
for slope but the numerical fit is poorer than for 977°K (Fig. 6.12). 
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c) The Results for the triangular models 
Here the slopes of the overall and morphological experimental curves 
(5,6) fit the Av models closely particularly the triangular conical 
V 
model. The other Av models are not as good but are still better 
V 
than the Av models (see Fig. 6.13). 
c 
6.3.4 
a) 
0 Results for 1076 K 
Results for the cap model 
Fig. 6.14 shows the results for these models. Here the slope fit with 
both Av and Av is poor though the overall experimental curve (6) 
V C 
favours the Av model. 
V 
The numerical fit however favours the Av 
c 
models (1,4) quite clearly. Although even.this model predicts 
slightly higher values of growth at most ageing times. 
b) Results for the facetted models 
The same comments made for the cap models above apply here again (see 
Fig. 6.15). 
c) The Results for the triangular models 
Here the numerical fit favours the Av models but slopes are closer 
c 
to the Av models (see Fig. 6.16). 
V 
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6.3.5 0 The results for 1124 K 
0 Here exactly the same trends as present for 1076 K are present. The 
comments made in Section 6.3.4 apply here excepting the slopes favour 
neither model,(the graphs can be seen in Figs. 6.17- 6.19). 
6.3.6 Summary of Section 6.3 
The major trend to note is the fit of experimental and theoretical 
slopes. This has been pointed out at the start of this section and 
hence it will not be repeated here. A general tr,•md not yet discussed 
is that for nearly all cases the Av curves (2, 3, 8, 10) lie above 
V 
the experimental curves indicating faster growth. However, these 
points must be made with the reservation that they apply only over 
the ageing time range for which these curves were plotted and this 
work performed. Since in most cases experimental slopes are different 
to the theoretical idealisations predicted by the Av and Av models 
V C 
there will not be a uniform numerical variation between experiment 
and theory over the whole range of ageing times. 
6.4 Results of the Comparison of isothermal precipitation curves 
of experimental data and of theoretical data involving 
nucleation and growth 
This work involves both Nimonic PE16 and Alloy 800. The former involves 
using Caisley and Faulkner's (1976) data for comparison which does not 
discriminate between precipitate morphology. The conclusions that may 
be drawn from it are limited. Hence the work with Nimonic PE16 is 
discussed first in only brief outline. The work for Alloy 800 will 
show similar trends but they will be more complex and will be dealt 
with fully. 
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6.4.1 Results for Nimonic PE16 
The results of the combined nucleation and growth analysis of the 
kinetics can be seen in Tables 6.12 - 6.18 and Fig. 6.20 contains 
some curves to illustrate these. The first point to note is that 
nucleation has little effect on the cap and triangular morphologies 
and hence it provides little help for the Av models (see Fig. 6.1). 
V 
The second point is that of the Av models the triangular conical 
c 
and cap models predict slower growth than experimentally observed. 
Thus there is no point in adding nucleation theory to them. The 
only models left to consider are the facetted models, triangular 
square based and disc models. Taking the latter two, Fig. 6.20 curve 1 
can be said to be representative of them both. (Square triangular ~ 
disc growth also nucleation for the triangular and cap morphologies 
is relatively small and very similar.) Hence curve 1 is representative 
of cap, triangular square based and disc morphology growth kinetics 
involving nucleation and growth. This curve is very similar to 
curve 1 of Fig. 6.1 which represents disc growth only. However, the 
error in the values of the time minima is now zero as opposed to x0.25 
before (see Table 6.12~and Table 6.16 for a direct comparison). 
Assuming temperature displacement can be accounted for by other factors, 
(e.g. segregation) an exact time fit is possible. This effect is even 
more pronounced for the facetted model in Fig. 6.20. In Fig. 6.1 all 
the facet growth models predicted very fast growth. Nucleation analysis 
has shown that (Fig. 6.3) incubation time takes up nearly all of this 
morphology's time to grow. In Section 6.3 the relevance of this result 
was made and Figs. 6.20 and 6.3 show that inclusion of nucleation theory 
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in the growth kinetics is vital to the accuracy of the facetted model. 
Since growth is so fast curve 2 in Fig. 6.20 may be taken as represent-
ative of all facetted models. Thus as far as a comparison with overall 
data is concerned the use of nucleation has been shown to be necessary 
if account is to be taken of precipitate morphology. 
6.4.2 The results for Alloy 800 
Due to the added comparison with measurements of morphological shapes 
as well as overall data these results are discussed in separate morph-
ological groups. 
a) Results for the cap shape 
These can be seen in Fig. 6. 2.:!,. The first point to note is that at 
lower temperatures (up to 1033°K of the growth models) the Av models 
V 
produce a small but closer prediction to both sets of experimental data. 
Above this temperature curves for the Av and Av models diverge as do 
, V C 
the sets of experimental data. The Av models produce a close time 
V 
fit to the experimental data for cap shapes with a temperature displace-
0 
ment of c 80 K. The Av models produce a close fit to overall experi-
c 
mental data with no temperature error. The last point to note has been 
made in Section 6.1.3 concerning growth. Notably there is little 
difference between the disc and morphological models (witness curves 
2 and 1 in Fig. 6.20). As such the best model may taken as representative 
of the pair considering the accuracy of the fit being obtained. 
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b) Results for the facet shape 
These can be seen in Fig. 6.22 as was pointed out in Section 6.4.1, 
nucleation plays such a substantial part in the growth kinetics that 
alterations in growth model have little effect. Comparison with 
overall data shows a reasonable fit, and the morpholog~cal data points 
are never more than x2 from curves 7 and 6. The scatter being too 
large in facet data points, a curve could not be drawn in Fig. 6.22. 
However the data points are marked clearly. 
c) Results for the triangular conically based model 
These can be seen in Fig. 6.23. The general trend is similar to that 
for the results of the cap model. The Av model (curve 3) which can 
c 
be taken to represent both disc growth and the morphological growth 
model incorporating nucleation theory fits overall data better at 
higher temperatures and the Av models work better at lower temperatures 
V 
(curve 1,2). Triangular experimental data poses the same problem as 
cap data there being a temperture misfit of c 80°K in curves. This 
data set tends to favour the Av model at lower temperatures and the 
V 
Av model at higher temperatures. 
c 
d) Results for the triangular square based model 
Here only the Av model using a disc growth mechanism shows any close 
c 
fit to experimental data and this is only true for the overall data 
(see Fig. 6.24). The experimental curve indicates a much slower 
growth rate but of course this may be due to the full length measurements 
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taken. All other models rely on a half length dimension (see Section 
2.4.3). Thus there are no actual differences in the experimental 
measurements of triangular square and conically based precipitates. 
Different dimensions have to be used to predict isothermal precipit-
ation times (see Table 5.6). 
6.4.3 Summary of Section 6.4 
This section has shown two major points. The first is that nucleation 
theory, particularly in the case of the facetted model improves 
theoretical prediction. For some of the morphological growth models 
this is not the case (e.g. cap growth with Av is already predicting 
c 
slower growth rates). For the disc growth models of all morphologies 
it improves prediction but not as drastically as for the facetted model. 
The second major point to note is that at lower temperatures for all 
models (excepting the very poor triangular square based results) the 
Av models show slightly better fits than the Av models though they 
V C 
still predict too slow a growth rate. 
At higher temperatures ()c 1033°K for Alloy 800 or 973°K for PE16) 
the difference in the Av and Av models is quite large. 
C V 
For PE16 
which concerns only overall data the Av models are more accurate. 
c 
For Alloy 800 the picture is confused. The Av models are favoured 
V 
by morphological experimental data although their fit is still quite 
poor due to temperature displacement. The Av models show a very good 
c 
fit with overall data. This applies to all the theoretical models 
except the facetted group where nucleation theory makes the major 
contribution to the growth kinetics. 
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6,5 Summary of Chapter 6 
Summaries have already been presented that record the trends in results 
for each major section. It is not intended to repeat these here but 
to use this section in an attempt to tie together results from the 
individual sections. 
The major points relevant to nucleation theory have already been made, 
The choice between Av and Av models is however not so clear, 
V C 
Isothermal curves, both for growth only and for growth with nucleation 
have indicated that the Av models work better in the lower half of 
V 
the ageing temperature regime for both alloys, In nearly all cases 
though this improvement has not resulted in an exact fit with experiment, 
but a slightly closer fit. At higher temperatures the Av models 
V 
seemed to be the poorer of the two sets. Glancing again at what 
has been said in Section 6.3 this can be seen to fit in with the 
ageing time - precipitate size comparisons. Up to 1025°K the Av 
V 
models are favoured to varying extents both by slope and numerical 
fit. At the two higher temperatures however numerical fit definitely 
favours the Av models whilst the slope fit fits neither model, 
c 
It seems that the Av models generally work better at lower temperatures 
V 
and poorer at higher ones, 
Secondly a loose morphological comparison of results may be taken, 
On the whole, for both isothermal and the size time data in Section 
6.3, the cap and facetted models are more consistent than the triangular 
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models. The latter only work well when disc growth theory is used. 
Due to the nature of triangular and cap nucleation triangular models 
using disc growth would be similar to the corresponding cap models. 
It must be noted that work began with theories (Caisley and Faulkner 
1976) that produced a reasonable approximation to experimental data. 
The results have shown the effects of morphology to be important whilst 
not drastically improving results. They have shown that a choice of a 
simple Av model is not necessarily the best and is very narrow in its 
c 
outlook. The results have justified the use of Av, and morphological 
V 
models in growth and also of nucleation. 
Also of note is the trend in the theoretical isothermal precipitation 
curves to be displaced from the experimental curve along the temperature 
axis as well as the time axis. This is evident ~nd:particularly true 
near the time minima of the curves. So far the phenomena of segregation, 
through its effect on X~, has been used to explain this. There is also 
the fact that the value for AQ(-28,8000 in Table 2.2) is taken from 316 
austenitic steel (Deighton 1948) and is not precise value for Alloy 800. 
This will affect x~9 and can also be responsible for a temperature 
displacement. 
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CHAPTER 7 The Effects of segregation on the precipitation kinetics 
7, INTRODUCTION 
So far only growth and nucleation have been considered, This chapter 
will attempt to evaluate the effects of segregation on precipitation 
in the growth kinetics. The case for titanium carbide is examined 
in Nimonic PE16. Work is not possible on M23c6 in Alloy 800 for two 
Firstly the quench rate (a water quench was used) from reasons. 
solution treatment temperature is thought to be too fast to allow 
segregation to occur . Recently segregation of titanium has been 
observed in water quenched alloys by Faulkner (unpublished) so this 
point is not so important. Secondly the titanium/austenitic matrix 
misfit factor is relatively large compared to chromium. This can 
be seen by taking the atomic radii (r) for titanium, chromium and 
austenitic iron given below taken from Faulkner 1981 and Section 2.1.1. 
rTi = 1.45 X 10-
10 m 
-10 
r = 1.258 x 10 m er 
r = 1.25 X 10-
10 m 
a 
As will be seen later the atomic misfit largely determines the vacancy-
impurity binding energy that is a major factor in segregation. In 
the case of chromium the misfit is negligible and therefore there will 
be no appreciable segregation. 
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7.1 Theory 
Two aspects of segregation must be considered: 
i) Equilibrium segregation as has been reviewed by Hondros and 
Seah (1977). 
ii) Non-equilibrium segregation as first developed by Aust and 
Westbrooke (1976) and Antony (1970) and further developed 
by Williams et al (1976) and Faulkner (1981). 
7.1.1 Equilibrium segregation theory 
This has been fully reviewed by others (Hondros and Seah 1977, and 
Seah 1975). For dilute solutions an equation derived from B.E.T. 
theory (Brunaneur et al 1940) is taken from the work of Hondros and 
Seah (1977). 
c 
__!> 
c g 
= 7.1 
Cb and Cg are element concentrations on the grain boundary and in the 
grain respectively. A is a constant and E is the activation energy 
for segregation and related to the atomic misfit of solute in the 
matrix. A is related to 1/x where X is the saturation level of 
· Co Co 
solute in the matrix (in mole fraction). McLean (1957) has made a 
similar derivation using statistical mechanics and Faulkner (1981) shows an 
expr-ession for ·,t,his phenomellon similar to Equation 7.1. A prerequisi m 
of equilibrium segregation is that there is a large atomic misfit . 
(Hondros and McLean 1968) between solute and matrix. Hence chromium 
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segregation is unlikely to be appreciable. It should be noted that 
equilibrium segregation is more localised nearer the grain boundaries. 
There are only a few layers of segregated solute unlike non-equilibrium 
segregation which can extend over a distance of microns (Hcndros and 
Seah 1977). Another difference between the two mechanisms is that, 
by 7.1 equilibrium segregation is higher at lower temperatures. As 
will be seen non-equilibrium segregation is higher when the alloy is 
cooled from higher temperatures. 
7.1.2 Non-equilibrium segregation theory 
After solution treatment and quenching segregation of solute to the 
grain boundary is observed. This was first noticed by Antony (1970). 
Williams et al (1976) developed a segregation theory based on a vacancy 
current mechanism. For this the equilibrium concentrations of vacancies, 
impurity/solute (i.e. segregating element) and vacancy-impurity complexes 
must be considered. The solution treatment temperature and 0.5 Tm 
(Tm = melting temperature, 0.5 Tm for Nimonic PE16 is l023°K) where 
effective diffusion of solute ceases must be considered. 
The concentrations may be expressed by [VJ = 7.2 
where rvJ is the equilibrium concentration of vacancies at absolute 
0 
temperature T K, Kv is a constant and K is Boltzmann's constant. Ef 
is the energy of formation of a vacancy. 
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= 7.3 
where [c] and [I] are equilibrium concentrations of complexes and 
0 impurities at T K, Kc is a constant and Eb is the vacancy impurity 
binding energy. 
Substituting 7.2 for [v] in 7.3 
[~ = 
[I] 
Fig. 7.1 shows schematically what is happening. 
7.4 
As the material is 
cooled down from solution treatment temperature Ti to room temperature 
[v] will drop according to 7.2. In the metal grains: near the grain 
boundaries the excess vacancies created as cooling proceeds will be 
absorbed by the boundaries as vacancy sinks. These sinks are not 
present in the grai~~centres which have an excess of vacancies present. 
To satisfy 7.2 the excess vacancies will combine with impurities to 
form complexes. Since [v] has dropped near the boundaries a drop 
in [C] will also occur due to 7.3. By these mechanisms [v] will 
level out again as cooling proceeds to a new equilibrium value. If 
enough time is allowed during cooling from Ti to 0.5 Tm (i.e. a moderate 
quench) complex diffusion will occur to even ~t the concentration,~f complexes 
created. This of ?ourse, will cause an impurity gradient and result in 
a net segregation of impurity to the grain boundary as complexes. If 
cooling is very slow impurity/solute diffusion will allow de-segregation 
to occur. 
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Faulkner (1981) .. uses 7.4 to express a value for the ratio of solute/ 
complexes on the boundary before and after treatment and cooling. 
I.!.J {C] 0.5Tm 
[.!] 7.5 
ICJ Ti 
The left hand of 7.5 is the ratio of solute to complexes at the two 
temperatures. To express the amount of segregation to the boundary 
absolute values of impurity conentrations on the boundary and in the 
grains must be found. Since this is caused by complex diffusion 
levelling out the complex gradient created by cooling Jg'r_ - fCJo. 5Tm. 
~ 
represents the quantity of segregating element and: 
rc:~r 
i the ratio. 
IcJ0.5Tm 
To determine this ratio IIJ 
.• Ti and {I] 0 _5Tm must be eliminated from 7.5. 
This can be carried out be determining the ratios of impurity to complex$ 
at the temperatures. 
Whether a vacancy combines with all impurity to form a complex of the 
two remaining separate species depends on the vacancy formation energy 
and the impurity/vacancy binding energy. The ratio ~/Ef will thus 
provide a rough ratio of vacancy/impurity complexes to impurities (or 
lone vacancies). If the right hand side of 7.5 is multiplied by this 
factor a rough estimate of the complex ratiosat the two temperatures is 
provided and thus (Faulkner (1981) 
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~ = Cg exp~-Ef) ~r K . 7.6 
This approximation assumes that Eo and Er are not temperature dependent 
and remain constant during cooling process. 
Ef is taken from Faulkner (1981) and Eb may be calculated using an 
equation produced by Bullough and Newman (1963). It is worth noting 
that various expressions have been developed for Eb (see Cottrell (1975) 
from which this expression has been taken as given in 7.7 
Where · J1 
r 
0 
€: 
= 
= 
= 
= 
= 
shear matrix modulus 
matrix atomic radius 
3 Jlr.. e: 
0 
Misfit between matrix and impurity atoms 
7.7 
where = Impurity atomic radius. (Thus for chromium where 
~ r e: is very small and so is Eb). 
0 
Bullough and Newman (1970) in their paper considering point defect 
interaction with dislocations quote work by Girifalco et al (1963) 
concerning vacancy-dislocation interactions where the interaction 
energy is temperature dependent. The interaction energy is a product 
of the interaction of the vacancy vibrational frequencies with the 
dislocation stress field. An impurity particle will have a stress 
strain field around it in the matrix. For the purpose of this 
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qualitative argument the vacancy-impurity interaction may be considered 
analagous to the vacancy-dislocation interaction. The result of this 
is that Eb may well be temperature depono~tand a more complex solution 
that will improve on the approximation made to get from 7.5 to 7.6 is 
required. 
Faulkner further estimated the time <Tc) after which back diffusion of 
solute would occur along the segregation concentration gradient and 
de-segregation would occur. He used the work of Williams et al (1976) 
for this: 
T C = 7.8 
where: Dv and D1 are the diffusion coefficients of vacancies and 
impurities in the matrix respectively. 
The effective time (t9) at temperature for an isothermal step .in cooling 
of: time t 
A 
at an intermediate temperature TA has also been evaluated 
= 7.9 
EA is the average activation energy of diffusion of impurities and 
complexes in the matrix. 
If t 9 ) ~ desegregation must be considered and the new boundary 
concentration becomes 
c - c Xo g. 
c - c g 
= 
Where C is the new boundary concentration. Xo 
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7.10 
7.2 Work involving Titanium in Nimonic PE16 
For equilibrium segregation of titanium in austenitic alloys no data 
is available. Providing non-equilibrium segregation occurs, as it 
would for Caisley and Faulkner's (1976) work with Nimonic PE16; 
equilibrium segregation may be considered to play a minor part in 
the segregation process. Obviously, from what has been said in 
previous sections this work does not apply to chromium and M23c6 
precipitate formation but to titanium and Ti C formation. 
As will be seen below the segregated value of solute supply is used 
(i.e. as X ) throughout the Ti C precipitate growth. 
Cl 
Equilibrium 
segregation may be thought of a preserving this non-equilibrium value 
The alloy is in the ageing regime where TiC is precipitated 
so equilibrium segregation will be operative, as would non-equilibrium 
desegregation as given by 7.10 without equilibrium segregation functioning. 
This is of course a wide approximation. 
Caisley and Faulkner (1976) heat treated Nimonic PE16 solution treating 
at 1373°K and using a cold argon quench (cooling rate, 75 - 100°K/sec) 
down to between 898°K and 1123°K where their specimens were aged for 
between 0.25 - 60 min before cooling rapidly to mean temperature. The 
grain size of the material was 50 pm. 
Using 7.10 
Using 7.11 
T 
c 
= 645 sec 
= 27 sec 
'· (t9 was also calculated applying 4.2a to these conditions (i.e. where 
= 0) and was found to be 29 sec using 1123°K as the final tempera-
ture;) Negligible desegregation will occur. 
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Taking data for titanium in l2R72 steel another austenitic alloy 
(Faulkner 1981) 
e: = 0,16 
and El;> = 0,0975 ev 
Cb. 
= 4,47 from 7.6 using T. = 1373°K c ~ g 
and Te = 1123°K 
This can be applied to the growth kinetics using the new value for x· 
(l 
of 0,103 instead of 0,023 (Faulkner and CAisley 1976). The Ti C 
precipitation kinetics are the same as for M23c6 precipitation with 
some new constants given in Table 7.1. This assumes Ti C morphology 
The simple Caisley/Faulkner (1976) growth model using an Av variable 
mechanism combined with cap nucleation has been chosen to represent 
the precipitation kinetics. The equations describing these (2.30 
and 3,23 respectively) are repeated below: 
3 3/2 2 ~e )2f3 3 s ~ Kl (X9- (t) 
t = ( 
0 h<x,.-xa9 ) 
) 7.11 
8 
a(r) 
8 KTcraS 
4 
a K• J 7.12 T = 2 2 
va ~Gv D Xs L; l 
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Table 7.2 lists the results of this analysis and Fig. 7.2 shows them 
graphically along with a curve of Caisley and Faulkner's (1976) results 
for the alloy. Fig. 7.2 shows how considering segregation improves 
predictions of precipitation. It should be noted that a different 
value of segregation was used to that used by Caisley and Faulkner 
(1976) who used 0.123. 
Faulkner (1981) uses a CvJEg ratio of 4.28 for 12R72 steel compared to 
the 4.47 value used here. He also mentions the observed value of 
segregation to be 7.70. Thus more work on this process and equilibrium 
segregation is required. However, this work has shown that segregation 
has.significant effects on TiC precipitation in Nimonic PE16 and if 
it is likely to occur in an alloy under investigation it must be 
considered for an accurate evaluation of the precipitation kinetics. 
Calculations for chromium in Alloy 800 using the relevant data in 
Table 7.3 were made for Equation 7.6. A negligible value for 
segregation was obtained and as expected segregation has little effect 
on the precipitation kinetics of M23c 6 in Alloy 800 (and of course 
other austenitic alloys). 
- 131 -
CHAPI'ER 8 Discussion of Results and Conclusions 
8.0 Introduction 
This chapter is intended to discuss the implications of the results 
obtained during this work. 
Comparison of theory and experiment in Chapter 6 showed up some general 
trends particularly regarding the Av and Av models, nucleation and 
C V 
precipitate morphology. These require a more detailed evaluation. 
Limitations of the theoretical models must be discussed particularly 
those created by the choice of theoretical data such as diffusion 
coefficients, interfacial energies and ~Q, the heat of solution of 
the precipitates. The limitations of experimental technique must 
be noted. 
The discussion of experimental and theoretical limitations in this 
chapter centres around their effects on the results of Chapter 6 and 
is not just a repetition of points made in earlier chapters. Where 
each result or limitation is mentioned reference to its position 
earlier in the text is made. 
The general areas mentioned above are treated separately with an attempt 
to bring them together at the end of the discussion. From this conclusions 
will be drawn regarding the work and some possibilities regarding future 
work discussed. 
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8.1 Discussion of the results in Chapter 6 
This section is intended to discuss the theoretical and experimental 
results and their implications alone. Obvious trends in results will 
be taken and discussed with little reference to limitations of the 
techniques used to obtain them. From this an overall view of the 
results will be obtained which will be altered in later sections as 
considerations of technique will be discussed. 
8.1.1 The growth (only) models and experiment 
Firstly, two divisions have to be made here. The first concerns those 
models that worked so badly that further adjustments to them would prove 
futile. In this group are Aaron and Aaronsson's models and the inter-
facial diffusion models. The former fail since they assume a constant 
thickness for the precipitates as the latter grew. In Chapter 5 
(Section 5.3.3) it was shown that the Caisley/Faulkner (1976) assumption 
of a constant aspect ratio was a better approximation although the value 
they chose is open to discussion as is the disc morphology they used. 
The interfacial diffusion models failed due to the much larger values 
of diffusion coefficient obtained for this process. 
This is due mainly to the change in the activation energy constant for 
diffusion. Diffusion was much too fast by these mechanisms and almost 
instantaneous growth was predicted which was not observed. 
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It should be noted that the treatment of the growth kinetics is similar 
to Caisley and Faulkner's (1976). Interfacial diffusion occurs as 
will grain boundary diffusion but their effects are minimised by bulk 
diffusion of solute through the matrix to these interfaces which is 
the rate controlling mechanism. A further point to note from this 
work is the drastic effect of altering the activation energy of diffusion. 
The implications of this will become apparent when choice of theoretical 
data is discussed. 
It is now time to discuss the more important workable th&<iretical models 
and their comparison with results, These have to be discussed with 
respect to morphology and collector plate area. Now that the fit of 
usable models is being considered it should be remembered that the 
theoretical predictions of. the growth of an 'imaginary average' 
precipitate are being compared with the statistical mean values of 
1000 precipitate measurements. In Section 8,3 a discussion of the 
value of~this method is made. Here, to make observations on the data 
itself the comparison is assumed to be adequate, The major and more 
straightforward division is that of the collector plate models. For 
the preliminary work with Nimonic PE16 the effects of Av and Av are 
C V 
clear. At lower temperatures the Av models work better and at higher 
V 
temperatures the Av models, although still inaccurate worked better. 
c 
Confusion arose in these comparisons due to the theoretical curve at 
0 its minimum time point being about 120 K above the experimental curve. 
For the work with Alloy 800 the same points for the Av and Av models 
C V 
may be noted with overall data, There is however little temperature 
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displacement. But morphology must also be considered. The morphol-
ogical variations in experimental results did not affect the low 
temperature observation of Av models working better. 
V 
It did however 
affect the high temperature observations for cap data in particular 
and to a lesser extent the triangular conical data. Due to the 
variation from the overall results the Av models favoured the 
V 
morphological data, with the added complication of temperature 
displacement akin to that mentioned for Nimonic PE16. This was 
most valid for the extreme case of the cap results than for other 
morphologies. This instance represents a major exception to the 
general trend of the Av variable models' fit at higher temperatures. 
V 
Thus it is worth considering the experimental results themselves here. 
Fig. 5.~~ shows the cap curve and it can be seen that the data point 
0 . 1073 K ~s the point that enables this exception. At all other 
temperatures the cap data points are the closest points to the overall 
curve (Fig. 5.~q) and the cap morphology is never the fastest growing 
morphology. Fig. 6.14 shows that the Av model is not working well 
V 
at this temperature. A brief look at Table 5.4 and also the micro-
graph in Fig. 5.23a may provide an answer. In the cap column of 
Table 5.8 growth actually 'decreases' as experimentally observed for 
0 the 20 min.point at 1076 K. Micrograph Fig. 5,23a shows a dual 
distribution as discussed in Section 5.2.2. The smaller precipitates 
and the larger being taken as M23c6 in the absence of evidence to the 
contrary. This is for 161 min,at 1076°K and will obviously cause a 
lower value of size for this data point. Hence the low slope of the 
cap curves (see Table 5.10), This low slope has meant that the 
extrapolation back to 10 nm size has provided a shorter time than for 
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other curves. From the general shape of the cap data points in Fig. 
5.32 without the 1073°K point a curve akin to triangular and overall 
curves might be expected. This however has not occurred which is 
why this exception to rule for Av and Av models must be noted. 
C V 
It should be noted that the dual distribution has been considered as 
an M23c6 distribution. No other phase was detected by electron 
microscopy. Other workers (Sanderson 1977, Weiss and Stickler 1972, 
Takahashi et al 1978) have found the presence of other phases detected 
by x-ray analysis. The only worker in Alloy 800 noted the presence 
of M
7
C3 but also of very large plates of M23c6 after high temperatures 
and long ageing times. Thus both sizes in the dual distribution have 
The second general trend to note in the growth model results is again 
clearer for Nimonic PE16 than for Alloy 800. In many cases, particularly 
for Av models and for all models using the disc growth mechanism faster 
V 
growth is predicted. (This being based on the position of the curves 
along the time axis at the time minima in order to overcome the compli-
cation of temperature displacement.) For this reason nucleation theory 
was incorporated into the growth models to improve the situation. 
When morphological growth models were developed it was found that the 
cap and triangular Av models did not require nucleation theory since 
c 
theoretical growth predictions from the growth model on its own predicted 
slower growth. This was for Nimonic PE16 only and is based on time 
minima observations of the curves (see Tables 6.1 - 6.5 and compare 
with Table 6.18). However, this was not true for Alloy 800 and for 
both alloys growth theory alone proved inadequate. 
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Some points have been made above concerning morphology. To consider 
this in detail Table 8.1 has been drawn up to show the theoretical 
effects. It gives a list of structure factors for the various 
morphological classes for the Av models. 
V 
up taking the factor 
3 3f2 e 
3L_ .11 - Ofe-~ (r)) 
( 372_ae 
SK1D (X -X ( )) v ex a.r 
These have been made 
2 )13 
away from the R.H.S. of the growth equations in Table 2.1. The same 
factors in Table 8.1 may be cubed to give values for the Av models. 
c 
Hence the effects of morphology are more pronounced for the latter 
grouping of models. 
It can be seen that the cap and particularly the triangular square 
based morphology 
1 213 factor ( /K1) 
have factors similar in value to the disc structure 
where K1 is the constant aspect ratio. It shows 
that the facet factor produces the abnormally hi!P/fast growth rate 
predicted and observed for that morphology. The triangular conical 
model will have the longest growth times as was found theoretically 
although experimentally it would be expected that the cap model would 
have these since it accounted for the majority of smallest sizes of 
precipitate. 
Lastly it should be noted that Caisley and F~ulkner's (1976) approxi-
mation of a constant aspect ratio, though closer to observations than 
Aaron and Aaronsson's assumption of a constant thickness was nevertheless 
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c. x 2.5 greater than observed in experimental measurements. Hence 
growth times calculated for the disc model must be considered as 
x(2.5) 213 for the Av 2 Av erroneous by models and by x2.5 for the 
V c 
models. This of course does not apply to the morphological models 
since they have had their shape factors estimated from experimentally 
observed geometries. 
8.1.2 The results of nucleation 
Fig. 6.4 showed some of the nucleation results. The shape of the 
nucleation curve is similar to the growth curve. Table 8.1 includes 
the morphological factors based on the value K .JL·j in the general 
Equation 3.23. It should be noted for the triangular square based 
model that only a rough comparison may be made since the morphology 
cannot be compared to a spherical morphology. As already mentioned 
earlier nucleation takes up a substantial amount of growth time for 
the facetted model and is crucial in the application of this model. 
For the triangular and cap morphologies it is a relatively minor part 
of the growth process. Despite its smaller effect for these models 
it has still proved useful in obtaining growth values with the disc 
model improving slightly what was already a good fit with experiment. 
The time minima in the nucleation curve also occurs at a lower temper-
0 
ature (c.20 K below) than for the growth models. This is explained 
by the main temperature variables in the kinetics of growth. They 
ae 
are i) the diffusion coefficient; H) for growth ,·xe-Xa(r) is the 
· · · a9 ) 
second factor and iii) for nucleation Xa-Xa(r) 
a9 
loge (Xa/Xa(r)) 
is the second factor. 
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The factor may be regarded as approximately l a9 /(X -X ( )) the top 
a a r 
line being relatively constant. Factor i) increases growth at 
higher temperatures, factors ii) and iii) curb et9 it (as r 1t xa(r)+ Xa 
until at the solvus temperature = X and the precipitate 
a 
dissolves, i.e. times to grow are infinite.) 
The logarithmic term in iii) has a smaller value than the factor in 
ii) for any temperature and its contrasting effect against diffusion 
is greater. Thus its effect is felt quicker by the nucleation curve 
and the time minima, which is the point where factor i) and factors 
ii) or iii) balance is lower. 
It is these three factors which, in all models, control the temperature 
dependence and the errors in their evaluation are responsible for the 
temperature displacement of experimental and theoretical time minima 
of the isothermal precipitation curves. The errors are discussed in 
the section on theoretical limitations later in this chapter, 
8,1. 3 Growth and nucleation considered together, the ageing time -
precipitate size results 
The main point to be taken from these results is the correlation of 
slopes, Since the graphs (Figs. 6.5 - 6.19) were plotted logarith-
mically the slopes relate to the size-time power relationship, This 
relationship can be divided into one for the Av models and one for 
V 
the Av models. 
c 
As recorded in Section 6.3, the Av models fit the 
V 
experimental work better at the lower temperatures, At the two higher 
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temperatures the experimental slopes are generally closer to the Av 
c 
models and the numerical fit for the Av models is poor. This trend 
V 
is similar to that for the isothermal growth curve results. This 
seems to indicate that a collector plate model where the plate area 
is determined by the diffusion distance (X = 2 /Dt) works better up 
to 1025°K. At higher temperatures the collector plate area is 
governed by the interparticle spacing. 
The solute supply is enhanced by the diffusion distance collector 
plate model (Av ). 
V 
Thus the precipitates can grow faster. However, 
at higher temperatures nucleation is easier and more precipitates will 
be present. Thus despite the enhanced solute supply the precipitate 
density may be such that solute supply per precipitate is restricted 
to a value nearer to that for an interparticle spacing collector plate 
model. 
Precipitate distribution, (i.e. density) varies from grain boundary to 
grain boundary and hence even at lower temperatures restriction of the 
solute supply per precipitate may occur on some boundaries (and conversely 
at higher temperatures a variable collector plate may operate on some 
grain boundaries). Thus the slopes never correspond to either collector 
plate model but overall they favour the Av models. 
V 
A second point concerning the collector plate models is worth noting. 
All the ageing temperatures in the experimental programme are beneath 
the theoretical time minima of the isothermal precipitation curves. 
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However, experimental curves for the cap and triangular morphologies 
0 produce a time minimum at c 1077 K. 0 Thus for the ll24'K temperature 
nucleation and growth are retarded as the solvus temperature of the 
precipitates is neared (see Section 8.1.2). Thus by experiment 
nucleation will drop at this temperature and precipitate density will 
drop enabling a return to an Av mechanism. 
V 
However, solute supply 
is now restricted by the fact that X~~r) is tending towards Xa (see 
Section 8.1.2). Thus experimentally growth is restricted by the 
equilibrium concentration nearing the matrix value. Taking the 
theoretical curves this restriction has not yet occurred since the 
time minima is not reached till c ll33°K. Thus erro·r in 
evaluating the temperature dependent factors in the growth kinetics 
also causes the discrepancy between 
at higher temperatures. (i.e. at 
the Av models and experiment 
V 
0 1124 K there is not a precipitate 
density restriction on the Av collector plate mechanism and solute 
V 
may well still be supplied by this method. However the restriction 
of the temperature dependent factors is now operative experimentally. 
This has not yet occurred theoretically. Thus the slopes of the 
ll24°K graphs still favour the Av models whilst the numerical fit 
V 
does not. The numerical fit appears to favour the Av models at this 
c 
temperature since these have a 'collector plate restriction' on them. 
From what has been said above this restriction appears to be operative 
though in actuality it may be masking another restriction on the growth 
kinetics.) 
Thus a better conclusion to draw from this work is that the Av models 
V 
work better at lower temperatures and to leave the mechanism open at 
higher temperatures. 
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The remaining consideration is that of morphology. The major trait in 
this work is that of slope and hence morphological effects tend to have 
a minor effect. However, the cap and facetted models generally work 
better than their triangular counterparts. 
So far experimental error and statistical fluctuation in results has not 
been considered. This is due to the large nature of the statistical 
fluctuation allowed for by the treatment of theory and results as a 
comparison of 'average' values. This means considering mean values 
only. On Fig. 6.5 a bar denoting the statistical fluctuation of lcr 
has been included. For the normal type of distribution (see Fig. 5.31) 
this involves the majority of the precipitates measured. As can be 
seen from Fig. 6.5 all models may be considered to work within this 
range. This will be discussed in more detail in the section of discussion 
on the experimental techniques and error. To differentiate between the 
theoretical models mean values must be considered here. The variance 
of experimental slope with theoretical values and the large statistical 
range of sizes encompassing all models could indicate that both Av and 
c 
Av models are applicable bearing in mind what has been said above. 
V 
8.1.4 The results of isothermal comparisons of experimental and 
theory that involves nucleation and growth 
With regard to morphology the major difference here is that the facet 
models now work to within a fit whereby they can be considered applicable. 
This is due mainly to nucleation theory which for the facetted model 
takes up a major part of growth. For the other models the effects 
of nucleation are relatively insubstantial. 
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The general fit of the curves as discussed in Section 6,4,3 can be 
used to show the Av models work better at lower temperatures, 
V 
However, growth is still slower in these regions than actually 
observed. It is for this reason that a boundary diffusion 
determined collector plate area is worth considering. The bulk 
diffusion Av model was used since it produced numerical fit in 
V 
the ageing time range under examination. The isothermal curves 
represent much smaller precipitate sizes nearer the onset of growth. 
The precipitates will not be so densely packed and interparticle 
spacing will not affect precipitate growth so much. 
Morphologically for Alloy 800 the comparison is more complex (see 
Section 6.4). In comparison the cap and facetted models worked 
better than the triangular models. The cap and triangular models 
show up the effects of the collector plate variations much better 
since the kinetics of the facetted morphology are dominated by 
nucleation (see Fig. 6,4). For the cap and triangular models the 
Av collector plate works better particularly at lower temperatures, 
V 
The cap Av curve (Fig, 6.21) works at higher temperatures too, 
V 
Examination of the logarithmic time-size plots has shown that once 
precipitates reach a certain size Av models do not seem to work so 
V 
well (see above), This will be at much longer ageing times in 
particular, 
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8.1.5 Summary of Section 8.1 
The results of theoretical predictions have been compared with experi-
mental data. Mean experimental values and bulk data for theoretical 
parameters were used and compared. General trends of these results 
have been noted without reference to deviations or errors present. 
The latter and their effects are the concern of later sections. 
From the comparisons a case has been made for the division of precipitates 
into separate morphologies. The effects of nucleation are also seen to 
be significant particularly for the facetted model. Lastly the growth 
kinetics should make provision for the alternative of the Av collector 
V 
plate model. Here the collector plate area is evaluated from the 
possible diffusion distance (= 2 Jllt) for a given ageing time/temperature 
combination. This model worked better for short ageing times at the 
lower temperatures. 
8.2 Theoretical Limitations 
These concern the choice of data for certain parameters in the theoretical 
expressions and may be divided into those concerning growth and those 
concerning nucleation. 
8.2.1 The limitations of the growth model data 
The first point to note is that the values for the activation·energies 
(Q) of the diffusion equations are taken from Caisley and Faulkner's 
(1976) work on Nimonic PE16. Data for 316 stainless steel (Smith 1975) 
is different. Caisley and Faulkner's data was used in the absence of 
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data for Alloy 800 and hence this could involve substantial error. 
The failure of the interfacial diffusion models for which the activation 
energy constant used was ~Q (Caisley and Faulkner 1976) shows how much the 
ioi;ldeu.depend on.:this value. In the light of Smith's (1975) data it is 
cloar that the grain boundary/interfacial diffusion activation energy 
is numerically greater than as given by !Q matrix. This leaves the 
nature of the results for the interfacial diffusion models in question 
although they will still not be rate controlling. It also shows that 
an Av collector plate governed by grain boundary diffusion distance is 
V 
viable. Diffusion data will also considerably affect the temperature 
variation of the p~ecipitation curves. Thus it would seem better to 
work with an alloy whose diffusion data has beenaccurately measured, or 
to estimate the values beforehand. 
A second error is in the evaluation of x~9 , the work here being taken 
from Caisley and Faulkner's (1976) adaptation of Deighton's data (1948) 
for precipitate dissolution in 316 stainless steel. This method assumes 
i) data for 316 steel is directly applicable to Alloy 800 and ii) 
M23c6 is actually Cr23c6 which is not always true. The limitations 
in the estimation of Cc have already been pointed out in 2.1.1 which 
could cause further error in the evaluation of x~9 • These errors are 
unlikely to be as drastic as any diffusion constant error present but 
will still be significant. They will affect the temperature variation 
again but mainly, only the point of the time minima since x~9 will affect ~ 
X~a (see Section 2.2.1). ~(r) 
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The last points to note for the growth models are the assumptions of 
morphology and interfacial energy. Interfacial energy data has been 
taken from bulk evaluations in 316 stainless steels (Murr 1975), This 
was used in the absence of any data available for Alloy 800, Further-
more this does not allow for consideration of individual cases, 
Above the correctness and accuracy of data has been discussed, The 
accuracy of the theoretical idealisations of precipitate morphology 
must also be considered. It has been noted that experimental observa-
tions of morphology indicated a far more random structure that these 
idealisations allow, Thus volume, surface area, interfacial and 
volume free energy factors are simplified in idealising the morphology. 
This will affect the evaluation of X:~r) for the growth models and the 
basic energy equation (3.9) of nucleation, Work in Sections 5,1,2 
and 5.3.3 has shown that many precipitate profiles do conform to the 
idealisations but many also are only poor approximations, Work in 
Section 4,6 on the precipitate basal shape showed that assumption of 
a circular base is inaccurate~ The basal shape is elliptical and 
this involves c 23% error in experimental measurement of precipitate 
dimensions. Work by Lee and Aaronsson (1974, 1975) has attempted to 
randomise precipitate morphology but a more accurate experimental picture 
of morphology is required to correlate the two, Furthermore energy 
data for complex structures would be difficult to obtain or calculate, 
Other morphological errors are in the use of constant angles for precipi-
tate geometries, These angles were found experimentally to have a 12% 
variation. The constant aspect ratio value of Caisley and Faulkner (1976), 
as mentioned earlier is c x 2,5 too large which will affect the disc models, 
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Thus for the growth models alone it can be seen that the areas of 
diffusion data, morphology, interfacial energy, and heat of solution 
data have been simplified in this work, More accurate data is necessary 
to improve on the observations in this work (see Future Work). 
8.2.2 Limitations of the nucleation model data 
Russell pointed out a number of theoretical limitations to the nucleation 
theories as pointed out in the introduction of Chapter 3 and mentioned 
below. 
i) M23c6 precipitates, being partially coherent with the matrix 
may not necessarily preserve their morphology as they grow 
(see Figs. 2.8- 2.11), 
of this to be minimal, 
Russell (1975) proves the effects 
ii) Strain energy effects, being very complex for a partially 
coherent precipitate are not considered. However, to 
some extent the mismatch is alleviated by the equilibrium 
number of vacancies in the alloy (Russell et al 1975). 
iii) Grain boundary and bulk diffusion models are treated 
separately. For a partially coherent precipitate both 
mechanisnEare liable to be operative. 
coherent) and maybe they should be treated in a combined 
way and not separately. 
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Apart from the three points made above there are other reservations to 
be made concerning the data used in the application of nucleation theory. 
Most of the points in Section 8.2.1 are valid here and are only mentioned 
as reminders namely: 
i) Diffusion coefficient data is imprecise. 
ii) Heat of solution data and carbon content evaluation inaccuracies 
ae 
could affect the calculations of Xa . 
Besides these there is also the considerations of error involved in 
idealising the precipitate morphologies. This is more prominent in 
nucleation than for growth as mentioned in Section 2.2.1. Any 
morphological or indeed interfacial/volume-free energy approximation 
will profoundly affect the kinetics since it is these parameters that 
are essential to balance the nucleation mechanism. 
There are two errors to be considered here, firstly that of morphology 
which has already been discussed, and secondly the use of bulk energy 
data that will not apply to individual precipitates but to an 'average' 
precipitate. 
The last criticism is the way in which nucleation theory is incorporated 
into the growth kinetics by simple algebraic addition. Section 2,6 
pointed out a more efficient method to combine the two but at present 
is untested, 
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Concluding this section and the discussion of theoretical limitations 
it is worth repeating that the work here is mainly the comparison of 
bulk or average theories using crude classifications with average 
experimental data involving similar classifications. This comparison 
is an improvement on previous work and allows for a more flexible basis 
in which to improve the models. Having said this, the better models 
work to within x2 of experiment, particularly in the commercial range 
of heat treatment and service (below 1053°K). 
8.3 The Limitations and Effects of experimental technique 
on Results 
As has been seen in Section 8.2 experimental limitations are closely inter-
linked with theoretical limitations. This section concerns experimental 
limitations alone and its effects on theory are only mentioned. 
Fig. 5.32 shows that despite idealisations, the morphological classes 
show different results to those of the overall data. This shows the 
limitations and value of previous work which considered overall data 
only. 
In Section 5.2 points were made concerning the fluctuation in experimental 
results. These are: 
1) the odd case of precipitation at 873°K (after 15 min) in one 
hundred and fifty specimens examined, aged at 0.1 - 6 hrs. 
2) Large values of a in precipitate size statistical analysis 
indicating a high fluctuation in precipitate size measurements. 
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3) Values of precipitate size )4G larger than the mean value. 
This also indicates a high fluctuation in size measurements. 
Thus the nature of the comparison of theories (using bulk data) and 
mean experimental data leaves a large leeway for fit. This can be 
seen from Fig. 6.5 where the statistical fluctuation alone in experi-
mental data (as given by A, the standard de~iation) is enough to cover 
all the theoretical predictions in the ageing time range considered. 
Admittedly, within this framework some models may be chosen as having 
generally a sounder basis (e.g. Av models at the commercially import-
v 
ant lower temperatures). But until a more accurate categorisation of 
precipitate morphology and boundary structure is made, the value of cr 
will not be lowered. Both experiment and theory must allow for much 
finer adjustments of precipitate morphology and for analysis of indiv-
idual grain boundaries and individual precipitates. 
There are also specific experimental errors and variations to be considered. 
The first is in the assumption that the length of the profile base actually 
represents precipitate length (see Section 4.6). This is around 20%. 
The second concerns the fluctuation of size measurements. The standard 
deviation for these is about 90%. There is an experimental fluctuation 
in the measurements of the angles~. ~and 9 (see Section 5.1.2) of about 
12%. 
Thus some idea is obtained of the fluctuations in experimental results 
and the reasons for the use of mean values teken from one thousand size 
measurements. 
- 150 -
Furthermore, no consideration, experimental or theoretical, has been 
made of the dual distribution of precipitate sizes sometimes present 
(see Fig. 5.31 and Section 5.2.2). Assuming both precipitate sizes 
are M23c6 distributions in the absence of the identification of other 
phases. In Section 8,1 possible effects of this on the experimental 
cap curve have been noted since all the very small precipitates are 
cap shaped. 
8.4 Segregation 
In Chapter 7 an estimation of the levels of segregation of titanium and 
chromium in Nimonic PE16 was made. This used work by Faulkner (1981). 
The results showed that for titanium an improvement on the disc shaped 
Av model could be made. 
V 
However, the segregation theories require 
quite a large atomic misfit between solute atoms and matrix atoms. 
For chromium in austenitic iron this is not the case and since work 
is concerned with M23c6 precipitation segregation is not considered. 
Furthermore the water quench from solution treatment temperature on 
Alloy 800 would retard segregation. Faulkner (unpublished) has 
evidence that segregation in water quenched alloys is possible. For 
chromium this is unlikely to be very large. 
8.5 Conclusions 
i) Using present diffusion data taken from Caisley and Faulkner's 
', 
(1976) work with Nimonic PE16 the interfacial diffusion 
mechanisms do not give usable predictions of precipitate 
growth. 
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ii) Aaron and Aaronsson's growth model does not give usable 
iii) 
predictions and cannot be considered an accurate model. 
Their assumption of a constant precipitate thickness 
has been shown to be inaccurate. 
Of the two collector plate area models the Av type 
V 
work better at commercially more important lower 
temperatures, 0 (Up to 1025 K for Alloy 800 and 
0 
up to 973 K for Nimonic PE16.) 
iv) High temperature data favours neither collector plate 
model. No conclusions are possible in this area 
without a more detailed investigation. 
v) The effects of morphology are substantial experimentally 
and theoretically. This has been shown even for the 
crude classifications used here and must be considered 
for precise work. 
vi) Nucleation kinetics have played a major part in the development 
of a growth theory for facetted precipitates. For other 
morphologies they play a minor part. 
vii) Comments above have been made without the consideration' 
of errors and statistical fluctuations in results. The 
considerable error (see Section 8.3) and fluctuation in 
results e.g. in precipitate size data, aspect ratio 
measurements, angular measurements, the dual size 
distribution; point to a process of more complexity 
than encompassed by the theorjes developed here. Choice of 
some of the data for theoretical parameters may not be 
totally accurate which could affect results. This is 
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particularly true for the diffusion activation energies 
and the data used to evaluate x~9 and could affect the 
temperature dependence. 
viii) Segregation of chromium is insignificant and will not 
affect this work. However, work on titanium carbide 
precipitation has shown that for other systems and heat 
treatments segregation can play a substantial part in improving 
predictions. 
8.6 Suggestions for future work 
A great deal of data used for the theoretical work was taken from various 
austenitic alloys and assumed to apply to austenitic alloys in general. 
Therefore there are liable to be inaccuracies in the data used. 
are dealt with and possibilities of thdir elimination below. 
~ 
Diffusion Coefficients 
These 
Both Caisley and Faulkner (1976) and Smith (1975) produced values for 
diffusion coefficient constants in austenitic alloys. There is a 
large variation between them in activation energy value and hence for 
future work it is advisable either i) to use a reliable source of 
data for the particular alloy in question or ii) use radio-active 
tracer analysis to estimate values. 
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x"e 
(l 
Estimation of this parameter is made from heat of solution data of M23c6 
in 316 stainless steel (Deighton 1948, Caisley and Faulkner 1976). 
Estimation would be more accurate using data produced for Alloy 800 
would be more accurate. 
Interfacial and grain boundary energy data, aspect ratio value 
and the angles of precipitate geometry 
Again the energies have been taken from data for 316 stainless steel 
(Murr 1975). There are other considerations listed below: 
i) The work should be carried out for the particular alloy 
in question. 
ii) Precipitate morphology requires better definition. This 
requires more experimental work to be carried out in 
evaluating the shape in three dimensions. From this the 
shape can be made more flexible theoretically. Attempts 
in Section 4.6 were made to do this but it is clear a high 
voltage microscope with greater penetration and better 
contrast at high tilt angles is required. This would 
also require a tilt facility of at least± 50°. 
Through this precipitate geometry could be better defined 
and more suitable interfacial structure and energy 
evaluation could be made. 
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iii) The effects of the grain boundary on the precipitate structure 
and growth need evaluating. This requires a far more 
detailed consideration of each boundary's growth kinetics 
and comparison of experiment with a) present theories and 
b) theories using grain boundary structure to evaluate 
the grain boundary destroyed Crras> or at least distinguish 
each boundary from the bulk or mean value (Murr 1975) used 
here. 
iv) More notice should be taken of precipitate number and size 
distribution on different types and stretches of grain 
boundary. Within this work clarification must be made of 
the mechanism producing dual size distributions. 
Theoretical work 
Above mainly experimental work has been considered, there is also a 
lot that can be improved theoretically. 
i) The model involving direct solution of growth, (and nucleation) 
as described in Section 2.6 could be tried. 
ii) The use of the Wulff (Greenwood 1968-9) criterion and Lee and 
Aaronsson's (1974, 1975) work could enable a more flexible 
approach to morphology determination. 
iii) Chapter 7 shows as does other work that segregation can have a 
substantial effect. However this theory needs more improvement; 
particularly in converting ratios of complex and impurity 
concentrations to absolute complex concentrations. 
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iv) The drawbacks to the nucleation theory mentioned in 
Section 3,0 and the discussion, e.g. strain energy 
effects need deeper consideration, 
v) In Section 2.3 various collector plate models were 
developed. A grain boundary diffusion distance 
2 (Av = X where X = 2)Dbt instead of 2)Tiit) collector 
. V 
plate is more theoretically coherent and could further 
improve results at lower temperatures. Section 2.3 
also very crudely considered solute supply to the 
growing precipitates. This method could be applied 
more accurately to determine which collector plate 
model is actually working on a particular grain boundary. 
vi) Much progress is necessary in the three dimensional aspect 
of precipitate growth before precipitates of a given size 
can be predicted to grow on a given boundary. 
viil Work on multicomponent diffusion ~s described by Coates (1973) 
may improve the models by accounting for the effects of other 
elements in the diffusion process. 
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TABLE 1.1 Specifications for Alloy 800 
Concentrations in wt.% 
Conventional Nuclear Compositional analysis Element Alloy* Alloy * of the Alloy used in 
this work 
c 0.1 max 0.03 max 0.068 
Si 1.0 max 0.3 - 0.7 0.55 
Mn 1.5 max 0.4 - 0.7 0.53 
Cr 19-23 20-23 21.4 
Ni 30-35 30-35 33.8 
Al 0.15-0.6 0.15-0.45 0.35 
Ti 0.15-0.6 0.15-0.6 0.53 
N 0.03 max 
Co 0.1 max 
Cu 0.75 max 0.75 max 0.03 
Ti:C 12 m in 
Ti:C+N 8 m in 
Fe balance balance balance 
• 
* Stone et al, 1974 
Cordovi, 1974 
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TABLE 2.1 The Various Growth Models 
Name 
Aaron and Aaronsson's 
lengthening model 
Aaron and Aaronsson's 
interfacial model 
Disc shaped AV 
lengthening m3del 
Disc shaped Av 
interfacial modgl 
Disc shaped Av 
lengthening mo~el 
Cap shaped Av 
c 
model 
Cap shaped Av 
V 
model 
Facetted Av 
model c 
Facetted Avv 
model 
Square triangular 
Av model 
c 
Square triangular 
Av model 
V 
Conical triangular 
Avc model 
Conical triangular 
Av model 
V 
t = 
t = 
t = 
t = 
t = 
t = 
t = 
t = 
Relationship 
L 6113 (X -xa0 ) 0 · a (r} 
2 2 a0 2 
4Kl Av D (X -X ( }} v a a r 
2 
a0J 
X 
a 
2/.J 
} 
a0 3 ; 2 3 ,.. .. ' (X0-xa(r})lr L f(r,"'}2 
( a0 I, } 
(X -X ( } } 2Av D· · 
a a r v 
f('!',<l>} 'lft, 
} 
a0 1,3.2 2 (x,-x ( } } 11 L s~n 0cos 0 '). (\:Jar ,v3 
(x - xa0 } 16 o 3 I 
a a (r} v 2 
Equation Number 
2.10 
2.19 
2.26 
2.28 
2. 32 
2. 37 
2.38 
2. 39 
2.40 
2. 41 
2.42 
2.43 
2. 44 
TABLE 2.2 
Parameter 
x.~.-
Data used and source 
Value 
0.224 (Nimonic PE16) 
0.245 (Alloy 800) 
0.890 
Refer~nce* 
9 
From Table 1.1 
9 
1 6j23 <c- exp(-28,800jRT-0.9)) 9 
c 
c 
R (gas constant) 
Av 
c 
D 
V 
o e 
y 
r' 
c 
0.0003 (Nimonic PE16) 
0.00058(Alloy 800) 
0 2 cal/ K/mole or 
0 8.36 J/ K/mole 
0.15 exp(- 54 • 000/~T)/104 
m /s 
0.15 exp(-27 •0007aT/l04 
m2;s 
-10 
2 x 10 m 
-3 2 668 x 10 J/m 
-6 3 15 x 10 m /mole 
4.0 
* 9 - Caisley and Faulkner (1976) 
43 - Murr (1975) 
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9 
From Table 1.1 
9 
9 
9 
9 
9 
43 
9 
9 
9 
TABLE 4.1 Polishing Conditions using the Metathin T.E.M. 
Specimen Preparation Unit for Alloy 800 
Temperatures Voltage Approx. 
Electrolyte tried (°K) range(V) current 
(mA) 
5% Perchloric Room Temp - 30-90 c.lOO 
Acid 248°K each 
95% Methanol temp 
10% Perchloric 248°K 30-60 c.l50 
Acid" 
90% Methanol 
95% Glacial Room 50-lOO c.uo 
Acetic Acid Temperature 
5% Perchloric 
Acid 
3% Perchloric Room 90-100 c. 95 
Acid Temperature 
97% Glacial 
Acetic Acid 
5% Perchloric 248°K 30-80 c.ll5 
Acid 
1% Sulphuric 
Acid 
94% Methanol 
43% Glacial Room 60-80 c.l30 
Acetic Acid Temperature 
33% o;rthophos-
phoric Acid 
22% Nitric 
Acid 
10% Water 
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Comments on 
Specimens 
prepared 
Perforations off 
centre, pitted 
on etched finish 
perforations off 
.centre and large 
pitted finish 
perforation posi-
tion varied 
polish generally 
good but varied 
2 good specimens 
obtained from 
this solution 
out of 20 
perforations 
central but all 
specimens 
heavily etched 
1 specimen 
prepared was· 
good - others 
had large off 
central holes 
Pitted 
specimens 
..... 
cr-. 
(1' 
TABLE 4.2 
Boundary 
1 
2 
3 
Measurements used to Estimate E.E 
Print 
Magnifications 
66 K 
40 K 
40 K 
Size of 1 cm 
on Print 
150 nm 
250 nm 
250 nm 
Mean Precipitate Size 
(plan view) nm 
552 nm 
283.0 nm 
148.6 nm 
Mean Precipitate Size 
(profile view) nm 
503.2 nm 
254.4 nm 
132.1 nm 
EE% 
8% 
10.9% 
12.3% 
TABLE 4. 3 
Boundary 
1 
2 
3 
The Errors EE' E and ETOTAL for the Three Boundaries 
Considered 
:!:a a '• 'I' E(%) EE(%) E 
+ 40 9.5° 2.7 8.8 11.5 
+ 20 50 
- 0.75 10.9 11.65 
+ 20 10° - 2.2 12.3 14.5 
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TABLE 5.1 
Solution 
Results of the Qualitative Observations of Precipitate 
Growth 
Ageing Ageing 
Treatment Temgerature Time Observations 
K 
15 min at 873 0-6 hrs Only in one··case (l5min l423°K ageing time) was any 
precipitation found 
15 min at 1029 2 hrs Precipitates of varying 1423°K sizes found in all 
specimens 
15 min at Precipitates of varying 
1423°K 1073 1 hr sizes found in all 
specimens 
15 min at 1123 ! hr Precipitates of varying 1423°K sizes in all specimens 
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TABLE 5.2 Analysis of the SADP in Fig, 5.5 
Spot Symbol Distance Measurement (Il!/m)2 Multiplication Final (M) mm Factor Value 
-
313 Al !(Al A2) 34.5 2,35 8 18.8 
313 A2 
311 Bl !(Bl B2) 26.5 1.39 8 11.12 
311 B2 
022 C2 !(Cl C2) 22.5 l 8 8 
oh C. I 
lll Xl !(Xl X2) 27 l 3 3 
lll X2 
lll Yl !(Yl Y2) 27 l 3 3 
lll Y2 
200 Zl !(Zl Z2) 31 1.318 3 3.954 
200 Z2 
*022(p) Ml i(Ml M2) 7.5 
022(p) M2 
.,. (p) = Spots from the precipitate pattern 
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TABLE 5,3 Values of p.~ and 9 Estimated from the Experimental Work 
Angle Mean Value in Degrees 
9 61° + 50 
57° + 10° 
51° + 80 -
TABLE 5,4 Results of the Grain Size Analysis 
Solution Treatment Grain Size Range (lOOpm Grain Size Range > lOOpm 
OK mean (pm) a( pm) mean (Jlm} a (Jlm) 
15 m in at 1427 50,0 25.0 135 55.0 
30 m in at 1427 53.0 26.0 171 56,0 
l hr at 1427 62.0 23.0 193 77.0 
l! hr at 1427 64.0 22.0 173 76.0 
2 hrs at 1427 55.0 25.0 206 107.0 
Measurements were made by the linear intercept method 
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TABLE 5. 5 Experimental Ageing Results for 916°K 
Measurement reading of precipitate half length for: 
Ageing Time Observed Triangular Observed Cap Observed Facet Overall Observation 
Shaped Precipitates Shaped Precipitates Shaped Precipitates of all Shapes 
(min) (nm) (nm) (nm) (nm) 
Standard Standard Standard Standard 
mean Deviation mean Deviation mean Deviation mean Deviation 
20 45.5 87.0 37.5 56.0 41.0 63.5 45.5 48.0 
40 85.5 75.5 42.5 72.5 45.0 52.0 48.5 49.0 
>-' 
..., 
0· so 51.5 88.5 46.5 99.5 48.5 44.5 53.5 63.0 
120 65.0 95.0 49.5 62.0 52.5 48.5 60.5 82.5 
160 96.0 93.0 52.5 105.0 62.5 81.0 61.0 64.0 
240 124.0 121.0 129.0 138.0 115.0 97.0 119.0 144.0 
0 
TABLE 5 6 Exnerimental Ageing Results for 977 K 
Measurement reading of precipitate half length for: 
Ageing Time Observed Triangular Observed Cap Observed Facet Overall Observation Precipitates Shaped Precipitates Shaped Precipitates of all Shapes 
(min) (nm) (nm) (nm) (nm) 
mean Standard mean Standard mean Standard mean ·Standard 
Deviation Deviation Deviation Deviation 
4.7 47.0 45.5 32.0 52.0 45,0 62.0 38,0 51.5 
8 50.0 43.0 55.0 56,0 62.0 61.0 56,0 72.0 
,_. 16 63.0 70.5 67.0 83.5 65.0 68.5 65.0 59.5 
...., 
.,.... 
33 86.0 83.5 109.0 108.0 120,0 99.0 121.0 135.5 
60 87.0 92.0 111,0 134,0 118.0 168.5 122,0 162,0 
93 156.0 138.0 139.0 195.5 168.0 207.0 156.0 160.5 
TABLE 5. 7 
Ageing Time 
(min) 
.... 
..., 
"' 
1 
2 
4.1 
7 
16 
32 
0 Experimental Ageing Results for 1025 K 
Measurement reading of precipitate half length for: 
Observed Triangular Observed Cap Observed Facet 
Precipitates Shaped Precipitates Shaped Precipitates 
(nm) (nm) (nm) 
Standard Standard Standard 
mean Deviation mean Deviation mean Deviation 
23.0 28.0 20.0 39.0 22.0 25.5 
82.5 57.0 56.5 48.0 51.5 38.5 
65.0 70.5 108.0 68.5 52.0 73.0 
76.5 121.5 61.5 52.0 66.5 74.5 
110.0 122.5 75.5 98.5 106.0 135.5 
152.5 167.0 143.5 156.0 157.5 172.0 
Overall Observation 
of all Shapes 
(nm) 
Standard 
mean Deviation 
21.0 33.0 
53.0 57.0 
59.0 69.5 
66.5 63.5 
104.0 108.5 
151.0 159.0 
..... 
..., 
w 
I 
TABLE 5.8 Experimental Results for l076°K 
Measurement reading ofi precipitate half length for: 
'• 
Ageing Time 
(min) 
mean 
10 50.5 
20 64.0 
40 92.0 
80 109.0 
120 125.5 
161 140.5 
Observed Triangular 
Precipitates 
(nm) 
Standard 
Deviation 
49.0 
84.0 
49.0 
124.0 
78.0 
143.0 
* Dual distribution of sizes present 
Observed Cap 
Shaped Precipitates 
(nm) 
Standard 
mean Deviation 
72.5 75.0 
62.5 61.0 
81.5 38.5 
98.5. 78.0 
110.5 85.0 
124.5 8o.5 
Observed Facet 
Shaped Precipitates 
(nm) 
Standard 
mean Deviation 
61.5 70.5 
68.5 59.0 
93.0 48.0 
142.0 73.5 
155.0 97.5 
196.5 143.5* 
Overall Observation 
of all Shapes 
(nm) 
Standard 
mean Deviation 
57.5 64.5 
61.5 85.0 
88.5 43.5 
115.5 79.5 
123.5 127.0 
153.5 102.0 
.... 
..., 
""' I 
TABLE 5.9 Experimental Ageing Results for 1124°K 
Measurement reading of precipitate half length for: 
Ageing Time 
(min) 
mean 
10 55.0 
20 64.5 
40 65.5 
80 107.0 
120 132.0 
320 172.5 
Observed Triangular 
Precipitates 
(nm) 
Standard 
Deviation 
58.0 
104.0 
92.5 
149.5 
154.5 
205.5 
*Dual distribtuion of sizes present 
Observed Cap 
Shaped Precipitates 
(nm) 
Standard 
mean Deviation 
51.0 66.0 
60.0 355.5 
65.5 76.0 
71.0 59.0 
94.5 137.0 
107.0 105.5 
Observed Facet 
Shaped Precipitates 
(nm) 
Standard 
mean Deviation 
76.5 335.5 
142.0 146.0 
161.5 135.5 
196.0 168.5 
382.5 221.5* 
443.5 368.5* 
Overall Observation 
of all Shapes 
(nm) 
standard 
mean Deviation 
64.0 337.0 
106.5 129.5 
123.5 154.0 
164.5 145.5 
203.5 113.5 
265.5 179.5 
TABLE 5.10 Estimation from Electron Micrographs of the Percentage 
of each Precipitate Shape Present 
Temperature Ageing Cap Triangular Facetted Time Shape Shape Shape 
bK (min) 
916 20 51 33 16 
40 45 37 18 
80 42 37 21 
120 40 36 24 
160 44 39 17 
240 31 35 34 
977 4.7 61 29 10 
8 47 31 22 
16 30 39 31 
33 44 36 20 
GC 41 27 32 
93 35 34 31 
1025 1 38 45 17 
2 39 42 19 
4.1 54 32 14 
7 44 43 13 
16 37 36 27 
32 33 39 28 
1076 10 46 25 29 
20 38 30 32 
40 36 38 26 
80 54 25 21 
120 27 34 39 
161 29 32 39 
1124 10 37 40 23 
20 41 27 32 
40 29 22 49 
80 44 37 19 
120 33 35 32 
320 26 34 40 
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TABLE 5.11 Results of the Regression Anal;tsis on E:!J2erimental Data 
Ageing Regression Triangular Cap Facet Overall Ageing Analysis Triangular Cap Facetted Overall 
Temperature Analysis Shapes Shapes Shapes Result Temperature Results Shapes Shapes Shapes Results 
OK Results 
916 Slope (m) 0.289 0.31 0.31 0.29 916 Time to 16 51 26 34 grow to 
10 nm 
Intercept 0.8309 0.5946 0.6133 0.6809 
Time' to 63 
(c) reach 20nm 
977 Slope (m) 0.26 0.48 0.45 0.47 977 Time to 4 13 6 11 
reach lOnm 
Intercept 1.067 0.3705 0.537 0.489 Time to 29 
• (cl reach 20nm 
·' ,.
1025 Slope (m) 0.425 0.421 0.496 0.4307 1025 Time to 3 6 8 7 
reach lOnm 
Intercept o. 785 0.6976 0.582 o. 5942 Time to 16 
(c) reach 20nm 
1076 Slope (m) 0.37 0.24 0.43 0.34 1076 Time to 7 1.5 11 5.8 
reach lOnm 
Intercept 0.698 1.08 0.557 0.774 Time to 46 
(c) reach 20nm 
1124 Slope (m) 0.360 0.22 0.42 0.370 1124 Time to 6 8 2 4 
reach lOnm 
Intercept o. 700 0.414 0.821 0.874 Time to 44 
(c) reach 20nm 
TABLE 6.0 Predictions of Isothermal Growth Times in Nimonic PE16 
using·Aaron and·Aaronsson's lengthening model 
(Precipitate size 10 nm) 
Temperature Growth Time 
OK (sec) 
. .. · 
793 0.0569 X 107 
813 0.8571 X 106 
833 0.5302 X 106 
853 0.1924 X 106 
873 0.9120 X 105 
893 0.1876 X 105 
913 0.0745 X 105 
933 0. 5961 X 104 
953 0.4622 X 104 
973 0.3214 X 104 
993 0. 2127 X 104 
1013 0.1674 X 104 
1033 0.1104 X 104 
1053 0.0762 X 104 
1073 0.1214 X 104 
1093 0.3716 X 104 
1113 o. 7625 X 104 
1133 0.1505 X 105 
. 
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TABLE 6.1 Predictions of Isothermal Precipitation Times to grow to a 
size of 10 nm using the various Disc Shaped Growth Models 
Time . (sec) 
<J) Lengthening model 
.. 
" 
for for for for ..., 
<I Nimonic PE16 Nimonic Alloy 800 Alloy 800 Nimonic 
.. OK 
<J) PE16 PE16 ~ Av Av AV Av Av * 
<J) c V c V c 
""' 
5 O.ll70xlo5 5 5 4 793 O.l592xl0 0.1178xl0 o.l060xlO o.5043xlo 
813 4 o. 726lxl0 4 0.5153xl0 4 o.5263xl0 0.4634xl0 4 
4 0.2299xl0 
4 4 4 4 4 833 o.3479xl0 o.2369xl0 0.2462xl0 0.2114xl0 o.110lxl0 
O.l747xlo4 O.ll34xlo4 0.1202x104 O.l003xl04 3 ;853 o.5523xl0 
873 o.9190xlo3 o.5645xlo3 o.6120xlo3 3 0.4936xl0 . 0.2902xl0 3 
3 o.2914xlo3 o.324lxlo3 3 3 893 o.5o58xlo 0.2516xl0 O.l595xl0 
' 
. 913 . 3 o. 2913xl0 O.l558xl03 O.l783xl0 3 O.l325xl0 3 2 0.9l75xl0 
933 O.l758xlo3 o.8626xlo 2 O.l018xlO 3 o.72o4xlo 2 0.5526xl0 2 
953 O.lll3xl0 3 o.4939xl0 2 . 2 0.6033xl0 0.4035xl0 2 o. 342lxl0 2 
973 o. 7426xl0 2 0.2925xl0 2 o.3707xl0 2 0.2326xl0 2 0.2323xl0 2 
993 
. 2 
o.5250xlO o.l744xlo 2 0.2363xl0 2 O.l378xl02 O.l636xl0 2 
1013 0.3973xl0 2 0.1142xl0 2 O.l564xl0 2 0.8395xl0 1 2 O.l232xl0 
1033 o. 3273xl0 2 
' 1 
o.7580xlo 
. 2 
O.l077xl0 o.5253xlo 1 O.l007xlO 2 
1053 0.2624xlo2 o.5295xl0 1 
' 1 
o. 7742xl0 0.3378xl0 1 0.9203xl0 1 
1073 0.237lxl0 2 o. 3969xl0 1 0.5843xl0 1 0.2233xl0 1 ' 1 o.9940xlo 
1093 0.191 xlO 2 o. 3357xl0 1 0.4643xl0 1 o.l52lxlo 1 O.l458xlo2 
1113 0.2248xl0 2 o.3943xl0 1 o.3950xl0 1 O.l07lxl0 1 0.4909xl0 2 
1133 o. 3663xl0 1 o.7843xl0° o.2137xl0 3 
1153 . 1 0.3842xl0 o.6040xlo0 
1173 0.492lxlo1 o.70l6x10° 
119~ 
-3 2 
* A value for y of 300 x 10 J/m was used 
for all other models 
-3 2 y = 668 x 10 J/m 
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Interface 
Model 
Nimonic 
PE16 
AV 
c 
1lme.{se.c.) 
-7 0.9522xl0 
-7 
o. 8214xl0 
-7 
o.765lxlo 
-7 
o.5714xl0 
-7 0.4449xl0 
-7 
o.3748xlo 
-7 
o.3776xlo 
-7 0.2707xl0 
-7 0.2319xl0 
O.l996xl0 -7 
-7 O.l726xl0 
-7 O.l498xl0 
O.l304xl0 -7 
-7 0.1140xl0 
0.9986xl0 -8 
-8 
o. 8772xl0 
-8 0.7724xl0 
TABLE 6.2 Predictions of Isothermal-Precipitation Times to grow 
to a size of 10 nm using the various Cap Shaped Models 
Time (sec) 
For Nimonic PE16 For Alloy 800 
Temperature . 
OK Av Av AV Av 
c V c V 
793 O.l934xl0 5 O.l228x10 5 O.l43lx10 5 o.ll13xl0 5 
813 4 0.8822xl0 o.5410xlo 4 0.6394x10 5 4 0.4866xl0 
833 0.4227x10 4 o.'2487xlo4 o.299lxlo 4 0.2219xl0 4 
853 0.2122xl0 4 
' 4 
O.ll90xl0 O.l460xl0 4 O.l053x10 4 
873 O.lll6xlO 4 0.5927xl0 3 o. 76436x103 0.5183xl0 3 
893 o. 6145xl0 3 0.3059xl0 3 o. 3938xl0 3 0.2642x10 3 
913 o.3539xlO 3 O.l636xl0 3 0. 2166xl0 3 o.l39x10 3 
933 0.2135x10 3 o. 905~xl0 2 O.l237xl0 3 0. 7564xl0 2 
953 O.l352xl0 3 
. 2 
o.518.6xlo 0.733xl0 2 o.4237xlo 2 
973 0.9022xl0 2 
. 2 
o. 307lx10 0.4504xl0 2 0.2442xlo2 
993 o.6378xlO 2 O.l831xl0 2 '. 0.2871xl0 2 O.l447xl0 2 
1013 0.4827xl0 2 
'. 2 
O.ll99xl0 O.l900xlO 2 o.8815xl0 1 
1033 o. 3976xl0 2 0. 7959x101 o.l308xl0 2 0.5492xl0 1 
1053 0.3188xl0 2 0. 5295xl0 1 o.9406xlo 1 o.3545x101 
1073 0.2880xl0 2 o.3969x10 1 
. 1 
o.7099xlo 0.2344xlo1 
1093 0.2320xl0 2 o. 335,7xl0 1 o.564lx10 1 
. 1 
O.l597xl0 
1113 0.273lxl0 2 o. 3943xl0 1 0.4799xl0 1 o.ll24xl0 1 
1133 0.4450xl0 1 o. 8235x10° 
1153 o. 4668xl0 1 0 o.6342xl0 
1173 0.5979x10 1 o.7367xlo0 
1193 
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TABLE 6. 3 Predictions of Isothermal Growth Times to reach 
10 nm in size for the various facetted models 
Time (sec} 
Temperature For Nimonic PE16 For Alloy BOO 
OK AV Av Av AV 
c V c V 
793 O.lOlSxlO 4 o.4700xlo4 o. 7539xl0 3 0.4244xl0 4 
813 0.4674xl0 3 0.206lxl0 4 0. 3368xl0 3 O.l854xl0 4 
833 0.2226xl0 3 0.9476xl0 3 . o.l575xlo 3 0.8456xl0 3 
853 O.llBlxlO 3 o. 4536xl0 3 0.7692xl0 2 0.4012xl0 3 
873 o.5882xlo 2 0.2258xl0 3 0~ 3917xlo2 O.l974xl0 3 
893 0. 3237xl0 
2 '3 O.l166xl0 : 2 0~2074xlQ O.l006xl0 3 
913 O.l864xl0 2 0.6232xl0 2 
'. 2 
0.114lxl0 0.0530xlo2 
933 O.l125xl0 2 o. 3450xl0 2 o. 6515xl0 1 0.2882xl0 2 
953 o. 7123xl0 1 O.l976xl0 2 o. 386lxl0 1 O.l614xl0 2 
973 0.4752xl0 1 0.1170xl0 2 o.2372xlo 1 0.9304xl0 1 
993 0. 3360xl0 1 0.6976xl0 1 O.l512xl0 1 o.5512xlO 1 
1013 0.2543xl0 1 0.4568xl0 1 O.lOOlxlO l 0. 3358xl0 1 
1033 0.2095xl0 1 o. 3032xl0 1 0.6892xl0° 0.210lxl0 1 
1053 O.l679xl0 1 0.2118xl0 1 0.4954xl0° O.l35lxl0 1 
1073 O.l517xl0 1 O.l587xl0 1 o.3739xlO 0 o. 893xl0° 
1093 O.l222xl0 1 O.l343xl0 1 0.297lxl0° o. 608xl0° 
1113 O.l439xl0 1 O.l577xl0 1 0.2528xl0° 0.4284xl0° 
1133 0.2344xl0° o. 2993xl0 0 
1153 0.2449xl0° 0.2416xl0° 
1173 0~3149xl0° 0.2806xl0° 
1193 
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TABLE 6;4 Predictions of Isothermal Precipitation.Times to grow 
to 20 nm for the various Square Based Triangular Models 
(Growth only) 
Time (sec) 
Temperature For Nimonic PE16 For Alloy 800 
OK 
AV Av AVC Av c V V 
793 O.l595xlo5 O.ll70xl0 5 O.ll80xl05 O.l060xl0 5 
813 0.7278x104 o.5153xlo 4 0.5273xl0 4 0.4634xl0 4 
833 4 0.3485xl0 0. 2369xl0 4 0.2466xl0 4 0.2114xl0 4 
853 O.l752x10 4 O.ll34xl0 4 O.l204xl0 4 O.l003xlO 4 
873 0. 9208xl0 3 o.5645.xlo 3 o.6132xlO 3 o.4936xlo 3 
893 o. 5068xlo3 0.2914xl0 3 o. 3247xl0 3 0.2516xl0 3 
913 o. 2919xl0 3 3 0.1558xl0. O.l786xl0 3 o.I325xl0 3 
933 O.l76lxl0 3 0. 8626xl0 2 0.1020x103 o. 7204xl0 2 
953 O.lll5xl0 3 0.4939xl0 2 0.6045xl0 2 
. 2 
0.4035xl0 
973 0. 7440xl0 2 0.2925xlO 2 0. 3714xl0 2 0.2326xl0 2 
993 0.5260xl0 2 0.1744xl0 2 0.2368xl0 2 O.l378xl02 
1013 o.398lxl0 2 O.ll42xl0 2 O.l567xl0 2 0. 8395xl0 1 
1033 o.3279xlO 2 0. 7580xl01 O.l079xl0 2 o.S253xlO 1 
1053 0.2629xl0 2 o.5295xlO 1 o. 7757xlo1 0.3370xl0 1 
1073 0.2375xl0 2 o.3969x1o 1 O.S854xl0 1 0.2233xl0 1 
1093 O.l913xl0 2 o. 3357x10 1 0.4652xl0 1 O.l52lxl0 1 
1113 
. 2 
0.2252xl0 o; 3943xlo1 · o. 3958xl01 O.l07lxl0 1 
1133 o.3670xlO 1 o. 7843xl0° 
1153 o. 3849x1o1 . 0 0.6040xl0 
1173 0.493lxlo1 o. 7016xl0° 
1193 
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TABLE 6.5 Predictions of Isothermal Precipitation Times to grow 
to 10 nm for the Various Conically based Triangular 
Models (Growth only) 
Time (sec) 
Temperature For Nimonic PE16 For Alloy 800 
OK 
AV Av Av Av 
c V c V 
793 o.8o76xlo 5 0.2059xl0 5 o.6420xlo5 o.l865xlO 5 
813 0. 395lxl0 5 0.9069xl0 4 o. 2868xl0 5 0. 817lxl0 4 
833 O.l860xl05 0.4169xl0 4 O.l342xl0 5 0.3720xl0 4 
853 0.952lxlo4 O.l996xl0 4 0.655lxl04 O.l765xl0 4 
873 4 o.5oo8xlO 0.9935xl0 3 o. 3335xl0 4 0. 8687xl0 3 
893 0.2757xl0 4 o.5128xl0 3 O.l766xl0 4 0.4428xl0 3 
913 O.l587xl0 4 o.2742xlO 3 o.9717xl0 3 0.2332xl0 3 
933 0.958lxlo3 O.l518xl0 3 0.5548xl0 3 O.l268xl03 
953 0.6066xl0 3 o.8692xlO 2 0.3288xl0 3 0.710lxl0 2 
973 0.4047xl0 3 o.5148xl0 2 o. 2020xlo3 0.4094xl0 2 
' 3 2 3 2 993 0.286lxl0 o.3069xlO O.l288xl0 0.2425xl0 
1013 0.2165xl0 3 0.2009xl0 2 0.8523xl0 2 0.1477xl0 2 
1033. O.l784xlo3 O.l334xl0 2 o. 5869xl0 2 o.9245xl0 1 
1053 O.l430xl0 3 
. 1 
0.9319xl0 0.4219xl0 2 0.5945xl0 1 
.. 
1073 O.l292xl0 3 o.6985xlO 1 0.3184xl0 2 o.3930xl0 1 
1093 O.l040xl03 0.5908xl0 1 0.2530xl0 2 o. 2676xl0 1 
1113 O.l225xl0 3 o.6939xl0 1 o.2152xl0 2 o.l885xl0 1 
2 O.l380xlo1 1133 
' 
O.l996xl0 
1153 0.2093xl0 2 O.l063xl0 1 
1173 o.492lxlo 2 O.l235xl0 1 
1193 
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TABLE 6.6 Predictions of Incubation Time for the Various Cap 
and Facetted Nucleation Models 
Time (sec) 
... 
For Nimonic PE16 For Alloy 800 
Temperature 
Bulk Bulk Boundary Bulk Bulk 
OK Facetted Cap Facetted Facetted Cap 
Model Model Model Model Model 
793 o.512lxlo 4 0. 7265xl0 +3 -3 o. 7497xl0 o.3345xl0 4 0.4746xl0 3 
813 0.2536xl0 4 o. 3598xl0 3 0. 5045xl0 -3 O.l6llxlo4 0.2286xl0 3 
833 o.1318xlo4 O.l870xl03 -3 o.3510xl0 o.8120x1o3 O.ll52xl0 3 
853 o. 7176xl0 3 O.l018xlo3 0.2524xl0 -3 0.4269xl0 3 o.6o57xlo 2 
873 0.4088xl0 3 o.5799xlO 2 -3 O.l875xl0 0.2376xl0 3 o. 337lxl0 2 
893 0.2435xl0 3 0.3455xl0 2 -3 O.l439xl0 O.l33lxl0 3 O.l888xl0 2 
913 O.l517xl0 3 0.2152xl0 2 O.ll42xl0 -3 o.7867xlO 2 O.lll6xl0 2 
933 0.9890xlo2 O.l403xl0 2 0.9393xl0 -4 0.4827xl0 2 o.6847xl0 1 
953 2 o.6762xlo 
. 1 
o. 9593xl0 0.8019xl0 -4 o. 3135xl0 2 0.4353xl0 1 
973 0.4864xl0 2 o.6900xlO 1 0. 7138xl0 -4 o.2022xlo 2 0.2868xl0 1 
993 2 o. 3702xl0 o.5252xlo 1 ' -4 o.6665xl0 O.l382xl0 2 O.l960xl01 
1013 o.3009xlO 2 0.4268xlo1 -4 0.659lxl0 0.979lxl0 1 o.1389xlo 1 
1033 o.265lxlo 2 o. 376lxl0 1 
. -4 
0. 7014xl0 o. 7218xlo1 O.l024xlO 1 
1053 .. 2 0.2603xl0 
. 1 
o. 3692xl0 -4 0.8255xl0 o.5546xl0 1 0.7867xl0° 
1073 0.3002xl0 2 o. 4258xl0 1 -3 O.ll34xl0 o. 446lxl0 1 o.6329xl0° 
1093 o.4618xlo2 0.6552xl0 1 -3 0.2065xl0 o.3783xlo 1 0.5367xl0° 
1113 o.l498xlo 3 0.2126xl0 2 -3 0. 7879xl0 o.3419xlo 1 0 0.485lxl0 
1133 o. 3353xl0 1 0.4757xl0° 
1153 o. 3685xl0 1 0 o.5228xlo 
1173 o.4846xlo1 o.6874xlo0 
1193 
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TABLE 6.7 Predictions of Incubation Time for the Various 
Triangular Nucleation Models 
Time (sec) 
For Nimonic PE16 For Alloy 
Temperature 
OK Simple Complex Conically Square 
Square Square Based Based 
Based Based Trian- Trian-
Trian- Trian- gular gular 
gular gular l>bdel !>bdel 
Model Model 
' 
793· 0.6092xlO 3 0.310 x10 3 o. 7766xl0 3 0. 3973xl0 3 
813 0. 309lxl0 3 O.l689.x10 3 0. 3846x10 3 O.l915xl0 3 
833 o.l570xlO 3 . 2 o.8564x10 '3 O.l999xl0 0.9652x10 2 
·853 o.8553xlO 2 0.4924x10 2 O.l088xlO 3 2 0. 5078xl0 
873 0.4876xl0 2 0.2729x10 2 0.6199xl0 2 o.2782xl0 2 
893 o.2907xlO 2 O.l837x10 2 0. 3693xl0 2 O.l585xl0 2 
913 O.l813xl0 2 o.0214x10 2 0.2300xl0 2 
.1 
0.9377xl0 
933 O.ll83xl0 2 o. 7462x10 1 O.l499x10 2 o.5754xlo 1 
953 0.8096xl0 1 o.5212xlo l o.lo25xlo 2 . 1 0. 366lxl0 
973 o.5830x10 1 
. 1 
o;4374xl0 o. 7376xl0 1 o.2414x101 
99;1, 0.4445x10 1 ' 1 0. 3163xl0 · o. 5614x10 1 0.165lxl0 1 
1013 0.3617x10 1 o. 3327x101 0.4562xlo1 O.ll7lxl0 1 
1033 0.3193xl0 l 0.247lxl01 0.4020xl0 1 0. 8642xl0° 
1053 0. 3142xl0 1 0.2213xlo1 o. 3946xlo1 0.6647xl0° 
1073 o. 3635xl0 1 ' 1 o. 2986xl0 0.4551xlo1 0.5354x10° 
1093 o.5618x10 1 0.4107xlo1 o. 7003xlo1 0.4547xl0° 
1113 O.l837x10 2 
. 2 
0.2076x10 
i 2 
o.2272xlo 0.4166xl0° 
1133 0 o.4045xlo 
1153 0.4456xl0° 
1173 0 0. 5879x10 
1193 
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800 
Conically 
Based 
Trian-
gular 
Model 
o.5073x10 3 
0.2444x10 3 
O.l23lxl0 3 
0.6475xl0 2 
o. 3603xl0 2 
0.20l8xl0 2 
O.ll93x10 2 
0. 7319x10 1 
1 0.4653xl0 
o. 3066xl0 1 
0.2095xl0 1 
O.l485x101 
O.l095xlO 1 
o.8409xlo0 
0 
o.6765xlo 
o.5737x10 0 
0.5185x10° 
0 
o.5085xlo 
o. 5588xl0° 
o.7348xlo0 
TABLE 6.8 Results of Theoretical Size Predictions for the 
Various Cap Models 
Ageing Precipitate Size (run) 
Temp. Time Disc Disc Cap Model Cap Model 
OK m in Av Av Av Av 
c V V c 
916 20 41.44 44.32 42.99 37.51 
40 46.5 52.7 60.8 42.09 
80 50.3 88.7 86.0 47.21 
120 55.9 108.7 105.4 50.5 
160 58.6 126.5 122.7 52.8 
240 62.3 153.6 148.9 56.6 
977 4.7 45.4 48.0 46.6 41.1 
8 51.0 68.0 65.9 46.1 
16 57.2 96.2 93.3 51.7 
33 64.6 138.2 134.0 56.3 
60 71.4 186.4 180.8 64.4 
93 76.8 232.5 225.5 69.2 
1025 1 49.7 43.9 42.5 42.68 
2 53.0 62.2 60.3 47.93 
4.1 59.6 88.0 85.4 53.8 
7 65.4 119.6 116.0 59.0 
16 75.1 176.2 170.9 67.6 
32 84.3 249.1 241.6 75.8 
1076 10 104.2 343.1 332.8 93.5 
20 117 .o 485.2 470.6 104.8 
40 131.3 686.5 665.9 117.1 
80 140.5 840.5 815.2 125.7 
120 147.4 920.5 892.9 131.9 
161 152.9 1090.0 1057.3 136.7 
1124 10 124.7 373.0 362.3 111.7 
20 139.9 532.5 516.5 .125.2 
40 157.1 746.0 732.6 140.4 
80 176.3 1055.0 1023.3 157.4 
160 138.6 1292.5 1253.7 168.3 
320 222.1 2110.5 2046.9 197.9 
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TABLE 6.9 Results of Theoretical Size Predictions for the 
Various Facetted Models 
Ageing Precipitate Size (run) 
Temp. Time Disc Disc Facetted Facetted 
Model Model 
OK m in Av Av Av Av 
c V c V 
916 20 40.93 43.78 47.48 45.58 
40 46.26 62.3 53.66' 64.1 
80 52.1 88.4 60.44 90.1 
120 55.8 108.5 64.73 110.2 
160 58.6 125.3 67.17 127.8 
240 62.7 153.6 72.73 165.7 
977 4.7 44.64 47.3 51.81 49.58 
8 50.6 67.5 58.69 69.6 
16 57.5 95.9 66.7 98.2 
33 64.5 137.9 74.8 139.2 
60 71.3 186.2 82.7 188.7 
93 76.7 231.9 88.97 234.2 
1025 1 45.9 42.6 53.24 44.8 
2 52.3 61.3 60.66 63.5 
4.1 59.2 87.4 68.67 89.6 
7 65.2 116.5 75.63 118.7 
16 75.5 175.8 87.58 178.0 
32 84.3 248.9 97.98 251.1 
1076 10 104.1 342.9 120.75 345.1 
20 116.9 495.5 134.56 497.8 
40 131.3 686.0 152.3 688.0 
80 140.3 840.5 162.7 841.5 
120 147.4 970.5 170.9 971.5 
161 152.9 1095.0 177.3 1095.5 
1124 10 124.5 372.6 144.4 373.5 
20 139.9 500.2 162.2 500.4 
40 157.5 746.0 182.7 741.1 
so• 176.3 1055.0 204.5 1065.0 
160 188.6 1292.0 219.0 1302.0 
320 222.1 2115 .o 257.6 2117 .o 
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TABLE 6,10 Results of Theoretical Size Predictions for the 
Various Square Based Triangular Models (in nm) 
Ageing Precipitate Size (nm) 
Temp. Time Disc Disc Triangular Square Based Models 
OK m in Av Av' 
Constant Variable Av Constant Av Variable 
916 20 41.45 44.33 as disc model as disc model 
40 46.55 62.7 
80 52.3 88.7 
120 55.9 108.7 
160 56.6 125.5 
240 67.7 153.7 
977 .4.7 45.4 48.1 
8 51,0 69.0 
16 57.3 96.2 
33 64.6 138,2 
60 71.4 186.4 
93 76'.8 232.5 
1025 1 47.23 43.9 
2 53.1 62.2 
4.1 59.6 88.0 
7 65.45 116.4 
16 75.1 176.1 
32 84.3 249.1 
1076 10 104.2 343.2 
20 117.0 485.3 
40 131". 3 686,0 
80 140.5 840,5 
120 147.4 970.5" 
161 152.9 1085.0 
1124 10 124.7 373.0 
20 139.9 532.5 
40 157.1 746.0 
80 176.3 1051.0 
160 188.6 1292.5 
320 221,1 2110.5 
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TABLE 6.11 Results of the Theoretical Size Predictions for the 
Various Round Based Triangular Models 
Ageing Precipitate Size (run) 
Temp. Time Disc Disc Triangular Triangular 
Conical Conical 
OK m in Av Av Av Av 
c V c V 
916 20 40.98 43.83 22.49 33.53 
40 46.29 62.4 25.40 46.1 
80 50.21 88.5 28.60 61.2 
120 55.3 108.5 30.63 78.3 
160 58.6 125.3 32.15 87.1 
240 62.7 153.6 34.42 104.5 
977 4.7 44.75 47.36 23.84 35.5 
8 50.61 67.5 26.98 49.0 
16 87.0 95.9 30.40 68.2 
33 64.5 138.0 34.37 94.0 
60 71.3 186.2 38.0 130.1 
93 76.7 231.9 40.99 165.2 
1025 1 45.9 42.72 23.75 32.0 
• 
2 5.24 64.4 27.07 42.0 
4.1 59.2 87.5 30.6 64.3 
7 . 65.2 116.0 33.69 80.2 
16 75.5 175.8 38.7 119.1 
32 84.3 248.9 43.5 164.5 
1076 10 104.5 342.8 51.4 257.1 
20 116.9 485.5 57.7 329.1 
40 131.3 686.0 64.6 477.6 
80 140.5 840.5 69.3 660.0 
120 147.4 970.5 72.7 801.3 
161 152.9 1085.0 75.5 922.4 
1124 10 124.5 372.6 87.7 279.4 
20 134.9 532.5 64.8 399.1 
40 157.5 746.0 72.8 565.2 
80 176.3 1050.0 91.7 801.7 
160 188.6 1292.5 99.5 1001.4 
320 222.1 2110.5 102.9 1472.6 
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TABLE 6.12 Predictions of Isothermal Precipitation Times 
to grow to 10 nm using the Various Disc Models 
with Cap Nucleation 
Time (sec) 
Temperature For Nimonic PE16 For Alloy 800 
OK AV AV Av AV c V c V 
793 O.l665xl0 5 O.l243xl0 5 O.l225xl0 5 O.ll07xl0 5 
813 o. 7988xl0 4 
• 4 
0.5879xl0 o.549lxl0 4 0.4863xl0 4 
833 0.4205xl0 4 o. 3095xl0 4 o. 2577xl0 4 0.2229xl0 4 
853 0.2575xl0 4 O.l76lxl0 4 O.l263xl0 4 O.l064xl0 4 
873 0.9769xl0 3 0.6225xl0 3 0.6457xl0 3 o.5272xl0 3 
893 o. 5404xlo3 o.3260xlO 3 o. 3429xl0 3 0.2704xl0 3 
913 0~ 3128xlo3 O.l773xl0 3 O.l895xl0 3 O.l437xl0 3 
933 O.l898xlo3 o.loo3xlO 
3 O.l086xl0 3 o. 7889xl0 2 
953 O.l209xlo3 o.5898xlO 2 o.6468xl0 2 0.4470xl0 2 
973 o. 8116xl0 2 o.3615xlO 2 0. 3994xl0 2 o. 2613xl0 2 
993 o.5775xl0 2 o;2267xlo2 0.2559xl0 2 O.l574xl0 2 
1013 o. 4399xl0 2 O.l568xl0 2 O.l703xl02 o.9784xl0 1 
1033 0.3649xl0 2 O.ll34xl0 2 O.ll79xl0 2 o.6277xl01 
1053 0.2993xl0 2 0.8987xl0 1 o.8529xlO 1 0.4165xl01 
1073 o.2797xl0 2 o. 8227xl0 1 0.6476xl0 1 0.2866xl0 1 
.. 1093 0.2565xl0 2 
. 1 0.9909xl0 0.5128xl01 0.2006xl0 1 
1113 0.4374xl0 2 
: 2 
0.2165xl0 0.4435xl0 1 O.l556xl0 1 
1133 0.4139xl0 1 O.l260xl0 1 
1153 
-
0.4365xl0 1 O.ll27xl0 1 
1173 0.5608xl0 1 O.l389xl0 1 
1193 
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TABLE 6.13 Predictions of Isothermal Precipitation Times to grow 
to 10 nm using the Cap Growth and Nucleation Models 
Time (sec) 
Temperature For Nimonic PE16 For Alloy BOO 
OK 
AV Av Av Av 
c V c V 
793 O.l30lxl0 5 O.ll77xl0 5 
813 'Ihis cap o.5769xl0 4 See comment 0.5095xl0 4 
833 growth model 4 for PE16 in 4 predicts 0.2674xl0 Column 1 0.2334xl0 
. 4 4 853 slower O.l291x10 0.1114xl0 
873 growth than 3 3 
observed. 0.6507xl0 o.5520xlo 3 3 893 (See Tables o.3<m5xl0 0.30l9xl0 3 3 913 6.2 and 0.1851x10 O.l503xl0 
933 6.17) O.l046xl0 3 o. 8249xl0 2 
953 '!here is no 2 2 
need to add 0.6145xl0 0.4672xl0 2 2 973 nucleation o. 376lxl0 0.2729xl0 
theory to 2 2 993 this model. 0.2356x10 O.l643xl0 2 2 1013 O.l626x10 O.l020xl0 
1033 O.ll72x10 2 0.6516xl0 1 
1053 o.8987xlO 1 0.4332xl0 1 
1073 o.8227x10 1 0.2977xl0 1 
1093 o.9909x10 1 0.2134xl0 1 
1113 2 0.2520xl0 O.l609xl0 1 
1133 0.1299xl0 1 
1153 0.1157xl0 1 
1173 0.1424xl0 1 
1193 
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TABLE 6.14 
Temperature 
OK 
793 
813 
833 
853 
873 
893 
913 
933 
953 
973 
993 
.1013 
1033 
1053 
1073 
1093 
1113 
1133 
1153 
1173 
1193 
Predictions of Isothermal Precipitation Times to grow 
to 10 nm for the various Disc Models with a Facetted 
Nucleation Model 
Time (sec) 
For Nimonic PE16 For Alloy 800 
Av Av Av Av 
c V c V 
0,2104xl0 5 0,1682xl0 5 O.l513xl0 5 0.1395xl0 5 
4 4 4 . 4 0.9617x10 0.7509xl0 0.6874xl0 0.5245x10 
0.4797x10 4 0. 3687x10 4 0.3273x10 4 0,2926x10 4 
0.2465x10 4 O.l852x10 4 0.1629x10 4 0.1430x10 4 
0.1328x10 4 0. 9733x10 3 0.8496x10 3 0. 7312x10 3 
0.7493x10 3 0.5349xl0 3 0.4572xl0 3 0.3847x10 3 
0,4430x10 3 0. 3675xl0 3 0.2570x10 3 0.2112xl0 3 
0.2747xl0 3 0.1852x10 2 O.l501x10 3 0.1203x10 3 
O.l789xl0 3 0,1170x10 2 o.W.6Sxl02 o.1168x10 2 
0.1229x10 3 0. 7789x10 2 0.5929xiO 2 0.4348x10 2 
0.8952x10 2 0. 5446x10 2 0.3745xl0 2 0.2760x10 2 
0.6982x10 2 0.415lxl0 2 0.254 xlO 2 O.l818xl0 2 
0.5924x10 2 0.3409xl0 2 O.l789xl0 2 0,1247x10 2 
0.5227x10 2 0,3132xl0 2 O.l329xl0 2 0.8924x10 1 
0,5373x10 2 0,3399x10 2 O.l030x10 2 0,6694x10 1 
0,6528xl0 2 0.4953x10 2 0.8426x10 1 0.5304x10 l 
0.1723x10 3 O,l537x10 3 0.7369x10 1 0,4436x10 1 
0,7016xl0 1 0.4137x10 1 
0.7527x10 1 0, 4289x10 1 
0,9767x10 1 0. 5548x10 1 
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TABLE 6.15 
Temperature 
OK 
793 
813 
833 
853 
873 
893 
913 
933 
953 
973 
993 
1013 
1033 
1053 
1073 
1093 
1113 
1133 
1153 
1173 
1193 
Predictions of Isothermal Precipitation Times to grow 
to 10 nm for. the Various Facetted Nucleation Plus Growth 
Models 
Time (sec) 
For Nimonic PE16 For Alloy 800 
Av Av Av Av 
c V c V 
0.6139xl0 4 4 0.982lxl0 . 0.4099xl0 4 0.7589x10 4 
0. 3183x10 4 0.4579x10 4 O.l947x10 4 0.3465x10 4 
0.154lx10 4 0.2266xl0 4 0.9695xl0 3 4 O.l658x10 . 
0.8357xl0 3 3 O.ll7lxl0 3 0.5038x10 0.8282x10 3 
0.4676xl0 3 0.4313xl0 3 0.2768x10 3 0.4350x10 3 
0.2759x103 0. 360lxl0 3 O.l538x10 3 0.2337x10 3 
O.l757x10 3 0.2194xl0 3 0.9008x10 2 0.1289x10 3 
0.110lx10 3 0.1334xl0 3 0.5479xl0 2 0. 7709x10 2 
0.7474xl0 2 0.8738xl0 2 0.352lx10 2 0.4749x10 2 
0.5339xl0 2 0.6034xl0 2 0.2259x10 2 0.2952x10 2 
2 2 2 2 0.4038xl0 0.4399xl0 0.1533x10 O.l933x10 
0. 3263x10 2 0.3466xl0 2 0.1079xl0 2 O.l315x10 2 
0.286lxl0 2 0.2954xl0 2 0.7907x10 1 0.9319xl0 1 
0.277lx102 0.2815xl0 2 0.604lx10 1 0.6897x10 1 
0.3153xl0 2 0.316lxl0 2 0.4835x10 1 0.5354x10 1 
o. 4740xl0 2 0.4752xl0 2 0.4080x10 1 0. 439lx101 
O.l512xlo3 0.1514xl0 3 0.3672xl0 1 0.3847x10 1 
. 1 
0. 3587x10 0.3652x10 1 
0.4111xl0 1 0. 4106x10 1 
' 0.5160x10 1 0.5127x10 1 
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TABLE 6.16 Predictions of Isothermal Precipitation Times to grow to 
10 nm for the Various Disc Models with a Triangular 
Conically Based Nucleation 
Time (sec) 
Temperature For Nimonic PE16 For Alloy 800 
OK 
Av AV AV Av 
c V c V 
793 O.l669xl0 5 O.l248xlo5 O.l229xl0 5 O.llllx105 
813 o. 7646xl0 4 0.5538xlo4 0.5507xl0 4 0.4878x104 
833 o. 3679xl0 4 o.2569xl0 4 o.2585xlo 4 0.2237xl0 4 
853 O.l855xl0 4 O.l243x104 O.l267xl0 4 O.l068xlO 4 
873 0.9468x10 3 0.5923xl0 3 0.6480xl0 3 0.5296xl03 
893 o. 5427x10 3 o. 3283xl0 3 o.3443xlo 3 0.2718xl0 3 
913 0. 3143xlo3 O.l788x10 3 O.l902xl0 3 O.l444xl0 3 
933 O.l908xl0 3 0.1013xl0 3 O.l091xl03 o. 7936x10 2 
953 O.l215xl0 3 o.5964xlo 2 0.6498x10 2 0.4500x10 2 
973 o. 8164xl0 2 o. 3663xlo2 0.4013x10 2 0.2633x10 2 
993 0. 58llxl0 2 0.2305x10 2 0.2572xl0 2 O.l587x102 
1013 0.4429xl0 2 O.l598xlo2 O.l712x10 2 o.9880xlo 1 
1033 o. 3675x10 2 0.1160x102 O.ll86x10 2 0.6348xl0 1 
1053 o. 30l9xlo 2 0.924lx10 1 0.8583xl0 1 0.4219xl0 1 
1073 o.2826xlo 2 0.852 xlO 1 0.6519xl0 1 0.2904xl0 1 
1093 o. 2610xl0 2 O.l036xlO 2 o. 5217xl0 1 o. 2095xl0 1 
1113 0.4520xlo2 2 0.2666xl0 0.4469xl0 1 O.l589xl0 1 
1133 0.417lxl0 1 
. 1 
O.l293xl0 
1153 0.440lxl0 1 0.1163xlo1 
1173 
. 1 
o.5656x10 O.l436x10 1 
1193 
! ' 
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TABLE 6.17 
Temperature 
OK 
793 
813 
833 
853 
873 
893 
913 
933 
953 
973 
993 
1013 
1033 
' 
1053 
1073 
1093 
1113 
1133 
1153 
1173 
1193 
Predictions of Isothermal Precipitation Times to grow 
to 10 nm for the Various Triangular Conical Models 
(nucleation and growth} 
Time (sec} 
For Nimonic PE16 For Alloy 800 
Av Av AV AV 
c V c V 
0.2137xl0 5 O.l916xl0 5 
This triangular o.9454xlo4 See comment o. 8415xl0 4 
growth model 4 for PE16 in 4 
predicted 0.4369xl0 Column 1 o. 3843xl0 4 4 
slower growth 0.2105xl0 O.l829xl0 
than observed 4 
o.9047xlo3 (see Tables O.l055xlO 
0.5497xl03 3 6.5and 6.17}. o.4629xlo 
'!here is no 0.2972xlo3 0.245lxl0 3 
need to add O.l592xlo3 3 
nucleation o.l34lxl0 2 2 theory to 0.9717xl0 0. 7566xl0 
this model 
o.S922xl0 2 0.440lxl0 2 
2 
o. 3630xl0 2 o.2634xlo 
0.2465xl0 2 O.l626xl0 2 
O.l736xl02 O.l034xlO 2 
. 2 
O.l326xl0 o. 6 7859xl01 
0.1153xl0 2 1 0.4607xlO. 
O.l29lxl0 2 o. 3248xl0 1 
2 1 
o.2966xlo 
' 
0.2436xl0 
O.l885xl0 1 
o.l622xlo1 
O.l969xlo1 
NB There is no equivalent table ~iven for the square based triangular models. 
Looking at Table 6.4 (and also Table 8.1 which gives the relative geomet-
rical factors} it can be seen that there is negligible difference between 
the square based models and the original, .simple Caisly/Faulkner model. 
'lhe comments for the latter and also its curves will suffice to explain 
the results for the triangular model. 
-\94-
TABLE 6.18 Predictions of Isothermal Precipitation Times to grow to 
20 nm using a Disc Model with Simple Square Based 
Triangular Nucleation 
Time (sec) 
Temperature For Nimonic PE16 For Alloy 800 
OK 
Av AV AV AV 
c V c V 
793 O.l653xl0 5 O.l23lxlo5 O.l217xl0 5 O.l099xlo5 
813 o.757oxlo 4 0.5462xl0 4 o.5455xlo 4 0.4825xl0 4 
833 o.3636xlO 4 0.2526xl0 4 0.255$xl0 4 0.22llxl0 4 
853 O.l833xl0 4 ·O.l219x10 4 0.1253x10 4 O.l054xlo4 
873 0.9678xl0 3 o.6133x1o 3 0.-6398x10 3 o. 5214xlO 3 
893 o.5349xlO 3 o. 3205x10 3 o. 3399x10 3 0.2675xl0 3 
913 3 o.3094xlo 0.1739xl0 3 O.l877xl0 3 0.1419xl0 3 
933 o.l876xlo 3 0.9809x10 2 O.l075xl0 3 o. 7779x10 2 
3 2 2 . 2 953 i O.ll94xl0 o.5749x10 0.6399x10 0.440lxl0 
973 o.8009xl0 2 2 o.3508x10 0.3948xl0 2 2 0.2567x10 
993 o.5694xlo 2 0.2188x10 2 0.2528x1o2 O.l543xl0 2 
1013 2 o. 4335xl0 2 0.1504xl0 O.l68lxl0 2 .0.9566x10 1 
1033 o.3592xl0 2 O.l077x10 2 O.ll62xl0 2 0.6117x10 1 
1053 0.29381<10~ o. 8437x1o1 o. 8407x10 1 0.4043x10 1 
o.2735xlO'l. o. 7604x101 1 1 1073 'i o.6378x1o 0.2768x10 
1093 'l. 0.2472xl0 o. 8975xl01 o.5o9Bx10 1 0.1976xl0 1 
2 2 1 1 lill3 0.4085xl0 0.223lx10 o.4366x1o o.1489xl0 
1133 0.4067x10 1 
. 1 
O.ll88x10 
1153 0.4287xl0 1 O.l049x1o1 
1173 o.5509x10 1 0.1289xl0 1 
1193 
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TABLE 6:19 · · Experimental Results of Caisley and Faulkner 
Obtained using Nimonic PE16 
Ageing Temperature Time for Precipitates to 
OK grow to half length of 
10 nm in seconds 
793 2700 4 (0.27xl0 ) 
813 1320 (O.l32xlo4 J 
833 840 3 (0.84xl0 ) 
853 300 3 (0.3xl0) 
873 194 (O.l94xlo3J 
893 68 2 (0. 68xl0 ) 
913 2 
. 
61 (0.6lxl0 ) 
933 42 2 (0.42xl0 ) 
953 30 2 (0. 30xl0 ) 
973 25 2 (0.25xl0 ) 
993 31 2 (0. 3lxl0 ) 
1013 44 2 (0.44xl0 ) 
1033 so 2 (0. SOxlO ) 
1053 114 (O.ll4x103J 
1073 234 (0. 23lxlo3J 
1093 421 (0.42lxto3) 
1113 1140 (O.ll4xl0 4 J 
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TABLE 6.20 Experimental Results for Alloy BOO 
A. OVerall values (i.e. for all morphologies) of isothermal 
precipitation times at the six ageing temperatures -
taken from Table 5. 7 
Ageing Temperature Precipi tatio"n Time 
OK (sec) 
916 34 (0. 34 X 102) 
977 11 2 (0.11 X .10 ) 
1025 7 1 (0. 7 X 10 ) 
1076 5.8 (0. 58 X 101) 
1124 4 (0.4 X 101 ) 
....... 
- ... " ....... ' .- . . - . -·. 
Precipitation time is the time taken to reach the half length 
size of 10 nm for all cases 
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TABLE 6. 20 (Contd.) 
B. Overall values of precipitate half length dimension (in nm) 
for the various· temperature-time combinations of ageing. 
Ageing Ageing Size Ageing Ageing Size 
Temperature · Time Temperature · Time 
OK (min) (nm) OK (min) (nm) 
916 20 45.5 1124 10 64 
40 48.5 20 106.5 
80 53.5 40 123.5 
120 60.5 80 164.5 
160 61.0 120 203.5 
240 119.0 320 265.5 
977 4.7 38 
8 56 
16 65 
33 121 
60 122 
93 154 
. . . . ... 
1025 1 21 
2 53 
4.1 59 
7 66.5 
16 104 
32 151 
1076 10 57.5 
20 61.5 
40 88.5 
80 115.5 
120 123.5 
161 153.5 
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TABLE 7.1 Values for Parameters ln-Titan:Lum-carbide Precipitation 
X = Cl 
or 
xe 
= 
D = 
xae 
= Cl 
V = Cl 
where 
and 
0.023 (vol.conc.) 
0.103 
0.78 (vol.conc) 
0.15 exp(-60,000jRT)/l04 m2;s 
1; -40500; Cc exp( RT- 2.5) 
(10.48+3.42)/6.02217xlo-23;lo6x2 
10.48 = volume of Ti gm atom 
3.42 = v'olume of C gm atom 
(in cm3) 
(in cm3) 
6.02217x10-23 = N (Avogadro's No.) 
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TABLE 7.2 Isothermal Precipitation Times (sec) to grow to 10 nm 
half length for TiC Precipitates in Nimonic PE16 using 
a C/F simple growth model and cap nucleation 
Temperature Time (sec) Time (sec) 
OK X = 0.023 X =0.103 
Cl Cl 
793 O.ll68xl08 o.3863xl0 7 
813 0.4584xl0 7 O.l510x10 7 
833 o.l882xlo 7 6 o.6226xlo 
853 o. 8056x106 o.2663xlo6 
873 o. 3583xl0 6 6 O.ll85x10 
893 o.l653xlo6 o.5466xlo 5 
913 0. 789lxl0 5 o. 2609xlo5 
933 o.3887xlo 5 O.l285x10 5 
953 O.l973xl0 5 o. 6523xl0 4 
973 0.103bxl05 0.3404xl0 4 
993 o.5516x10 4 o.l824xlo 4 
1013 0. 3029xl0 4 O.lOOlxlO 4 
1033 O.l702xl0 4 .3 o.5627x10 
1053 0.9778xlo3 0.3232xl0 3 
1073 · 0. 5 734xlo3 I 3 O.l896xl0 
1093 o.3429xlo 3 0.1134x10 3 
1113 0. 2089xl0 3 o.6905x10 2 
1133 o.l295xlo 3 0.4280x102 
1153 o. 8162xl0 2 0.2698xl0 2 
1173 o.5226xlo 2 O.l727x10 2 
1193 o. 3397xl0 2 O.ll23xl0 2 
1213 o.2239xlo4~ o. 7460x101 
1233 O.l497xl0 2 o. 4945xl0 1 
1253 O.l013xl0 2 o.3347x10 1 
1273 0.6943xl0 1 o. 2293x10 1 
1293 0.4815xlo1 0.1590Kl01 
1313 '1 o.3376xlo O.ll15x10 1 
1333 0.2393x10 1 0.7898x 
1353 0.1714x10 1 0.5654x 
1373 0.1239x10 1 0.4687x 
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TABLE 7.3 Data· for the Segregation of Titanium in Nimonic PE16 
5 X lo10N/m2 
59 
ll = 
x lo-10m 
59 
ri = 1.45 
l0-5(-2.6;KT)m2/s 
59 
D = 5 X 
TABLE 7.4 Data for the Segregation of Chromium in Alloy 800 
11 = 5 X 1010N/m2 * 
lo-10m 
74 
ri = L258~x 
-10 59* 
ro = 1.25 x 10 m 
59 
Ef = 1.4 eV 
O.l5(54 •000/RT)/l04m2/s 
9 
D = 
- 201 -
TABLE 8.1 
Model 
C/F simple9 
Cap 
"' 2 Facet 
Triangular 
Conical 
Based 
Triangular 
Simple 
Square 
Based 
Comparison of Morphological Factors Involved in 
the Theoretical Analysis (Av models only given) 
V 
Growth Factor · Value Nucleation Factor (K, I ) 
2/3 J L j 
(1/K) 0.4 -
' Where K = 4.0 
2 3 3 
2f3 
3 ( ("3 -cos '!'+cos '!')/sin '!') 0.42 (2-3cos'l' +cos '1')/4 
~ (1-cos'!') 
.. 
cos~-cos'l'-l.cos 3~+}:os 3'1' .~13 ·9 I 4cos~+!wcos 3~-9 I 4cos 'l!.lfOS 3'!' ( 1 ) 0 0.16 ( ~ ( cos~-cos'l' l ) 3 
sin 'I' 
Tan() 2/3 \( 1/cose-cose)-~tan() (--) 3 o. 7 ,_cose 
(8cos20sin 20) 213 (Approx. assuming surface areas o. 399 can be equated) see 3.3.1 
2'11 
32'1Tsin20cos20/28.5(sin0cos0+sin0) 3 
sin0+cos0+sin0cos0 
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CODES FOR FIGURES 
Figs. 6,5- 6.19 are the logarithmic plots of precipitate size against 
ageing time. They are for the case of M23c6 precipitation in Alloy 
800 and are for the three morphological classes; facet, cap and triang-
ular. Each figure contains numbered curves for which the code is 
given below to save repetition on each figure. 
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5. Experimental cap data 
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Code for the facet figures (FIGS. 6.6, 6.9, 6,12, 6.15, 6.18) 
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6. Overall experimental data 
Code for the triangular figures (FIGS. 6.7, 6.10, 6.13, 6.16, 6.19) 
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